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(57) ABSTRACT

The invention provides a method of preparing a nucleic acid
population suitable for RNA sequencing. The method
involves amplifying a double-stranded DNA and a poly T
sequence by using the DNA constituted of any additional
nucleic acid sequence X, poly T sequence, mRNA sequence
isolated from a biological sample, poly A sequence and any
additional nucleic acid sequence Y in this order as a tem-
plate, a first primer containing any additional nucleic acid
sequence X having amine added to the 5'-terminal (and a
poly T sequence), and a second primer containing any
additional nucleic acid sequence Y (and a poly T sequence),
followed by fractionalizing the DNA, phosphorylating the
DNA, preparing cDNA by using the DNA as a template and
a third primer, adding adenine (A) to the cDNA, linking a
DNA, and amplifying the DNA by using the DNA as a
template, a fourth primer, and a fifth primer.
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Fig 13
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Fig. 14
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NUCLEIC ACID SEQUENCE
AMPLIFICATION METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application is the U.S. national phase of
International Patent Application No. PCT/JIP2016/055314,
filed on Feb. 23, 2016, which claims the benefit of Japanese
Patent Application No. 2015-033432, filed Feb. 23, 2015,
the disclosures of which are incorporated herein by refer-
ence in their entireties for all purposes.

TECHNICAL FIELD

The present invention relates to a method of amplifying a
nucleic acid sequence for producing a sample for quantify-
ing mRNA by using a next-generation sequencer, and par-
ticularly to an amplification method of a nucleic acid
sequence which enables quantitative analysis of mRNA by
using a next-generation sequencer and a small number of
cells, preferably at a single cell level.

BACKGROUND ART

Quantitative transcriptome analysis of a single cell is an
important tool for embryology, stem cell and cancer
research. This analysis of single cell requires amplification
of ¢cDNA produced by reverse transcription of mRNA in the
single cell, and two methods have been proposed as the
amplification method. One is an amplification method by
PCR and the other is an amplification method by T7 RNA
polymerase. PCR is highly useful for transcriptome analysis
of a single cell, since it shows high amplification efficiency,
is convenient and has high stability.

To confirm quantitative amplification of ¢cDNA from a
single cell, a method including synthesizing a long first
c¢DNA and analyzing the amplification product by RNA
sequencing (RNA-seq) has been proposed as a method for
comprehensively analyzing amplified ¢cDNA (non-patent
documents 1-3). In another method, an amplification method
of cDNA from a single cell uses, for RNA-seq, a full-length
c¢DNA amplified by a method called a template switching
method (non-patent documents 4 and 5). For absolute quan-
tification of a transcription product, unique molecular iden-
tification (UMI) is performed by attaching a tag to the 5'-side
or 3'-side of the first cDNA, and the like (non-patent
documents 6-10). Besides these, an analysis method by
recognizing respective cells by a barcode sequence and a
method including capturing a single cell by microchannel
and the like have been proposed (non-patent documents 11
and 12).

While methods using RNA-seq have been proposed,
reproducibility and precision of quantification have been
questioned. That is, RNA-seq often accompanies PCR
amplification as mentioned above; however, since amplifi-
cation rate of PCR is not 100%, particularly when a small
number of copies are used for amplification, reproducibility
of the copy number after amplification is poor. To analyze
c¢DNA derived from a single cell, moreover, many samples
need to be analyzed. Analysis of many cells by an existing
method is difficult since the unit cost of analysis per cell is
high.
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non-patent document 2: Tang, F., et al., Nature protocols, 5,
516-535, 2010

non-patent document 3: Sasagawa, Y., et al., Genome Biol,
14, R31, 2013

non-patent document 4: Ramskold, D., et al., Nat Biotech-
nol, 30, 777-782, 2012

non-patent document 5: Picelli, S., et al., Nat Methods, 10,
1096-1098, 2013

non-patent document 6: Islam, S., et al., Genome Res, 21,
1160-1167, 2011

non-patent document 7: Kivioja, T., et al., Nat Methods, 9,
72-74, 2012

non-patent document 8: Islam, S., et al., Nat Methods, 11,
163-166, 2014

non-patent document 9: Hashimshony, T., et al., Cell reports,
2, 666-673, 2012

non-patent document 10: Grun, D., et al., Nat Methods, 11,
637-640, 2014

non-patent document 11: Streets, A. M., et al., Proc Natl
Acad Sci USA, 111, 7048-7053, 2014

non-patent document 12: Jaitin, D. A., et al., Science, 343,
776-779, 2014

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

Since samples obtained by existing nucleic acid sequence
amplification methods target the full-length of cDNA, when
the cDNA becomes long, the quantitativity of mRNA analy-
sis using a next-generation sequencer becomes low. To
simultaneously analyze many samples, moreover, an ampli-
fication method of a nucleic acid sequence for preparing
samples having higher quantitativity at a low cost is desired.

Means of Solving the Problems

It is necessary to increase quantitativity of mRNA analy-
sis using a next-generation sequencer, and decrease the unit
cost of analysis. In the present invention, therefore, a sample
containing only the 3' terminal side was successively
obtained by the following method, by amplifying cDNA by
utilizing a poly A sequence of mRNA, further fragmenting
same, and selectively adding the primer sequence. As a
result, an SC3-seq (Single cell mRNA 3' end sequence)
method that enables simultaneous analysis of many samples
with higher quantitativity has been developed.

Accordingly, the present invention relates to the follow-
ng;

[1] A method of preparing a nucleic acid population com-
prising an amplification product maintaining a relative
relationship of gene expression level in a biological
sample, which method comprising

(a) a step of amplifying a double-stranded DNA by using the
double-stranded DNA constituted of any additional
nucleic acid sequence X, poly T sequence, mRNA
sequence isolated from a biological sample, poly A
sequence and any additional nucleic acid sequence Y in
this order as a template, a first primer comprising any
additional nucleic acid sequence X having amine added to
the 5'-terminal, and optionally further comprising a poly
T sequence at the downstream thereof, and a second
primer comprising any additional nucleic acid sequence
Y, and optionally further comprising a poly T sequence at
the downstream thereof,

(b) a step of fractionalizing the double-stranded DNA
obtained in the aforementioned step (a),
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(c) a step of phosphorylating the 5'-terminal of the frag-
mented double-stranded DNA obtained in the aforemen-
tioned step (b),

(d) a step of preparing cDNA by using the double-stranded
DNA obtained in the aforementioned step (¢) and having
a phosphorylated 5'-terminal as a template, and a third
primer comprising any additional nucleic acid sequence 7
and the aforementioned additional nucleic acid sequence
Y in this order, and optionally further comprising a poly
T sequence at the downstream thereof, and adding
adenine (A) to the 3'-terminal of the cDNA,

(e) a step of linking a double-stranded DNA containing any
sequence V having 3'-overhang thymine (T) to the
double-stranded DNA obtained in the aforementioned
step (d), and

(D) a step of amplifying the double-stranded DNA by using
the double-stranded DNA obtained in the aforementioned
step (e) as a template, a fourth primer comprising the
aforementioned sequence V, and a fifth primer comprising
the aforementioned additional nucleic acid sequence Z,
and optionally further comprising the aforementioned
additional nucleic acid sequence Y at the downstream
thereof.

[2] The method of [1], wherein the double-stranded DNA
constituted of any additional nucleic acid sequence X,
poly T sequence, mRNA sequence isolated from a bio-
logical sample, poly A sequence and any additional
nucleic acid sequence Y in this order used in the afore-
mentioned step (a) is prepared by a method containing the
following steps:

(1) a step of preparing a primary stranded cDNA by reverse
transcription using an mRNA isolated from a biological
sample as a template, and a sixth primer composed of the
aforementioned additional nucleic acid sequence Y and
the poly T sequence,

(ii) a step of preparing a double-stranded DNA, which is a
secondary strand, including subjecting the primary
stranded cDNA obtained in step (i) to a poly A tailing
reaction, and using said primary stranded cDNA as a
template, and a seventh primer composed of the afore-
mentioned additional nucleic acid sequence X and the
poly T sequence, and

(iii) a step of amplifying the double-stranded DNA obtained
in step (ii) by using an eighth primer comprising the
aforementioned additional nucleic acid sequence X, and
optionally further comprising a poly T sequence at the
downstream thereof, and a ninth primer comprising the
aforementioned additional nucleic acid sequence Y, and
optionally further comprising a poly T sequence at the
downstream thereof.

[3] The method of any one of [1] or [2], wherein the
fragmentation in the aforementioned step (b) is performed
by sonication.

[4] The method of any one of [1] to [3], wherein smoothing
of the terminal is performed simultaneously with phos-
phorylation of the 5'-terminal in the aforementioned step
(©).

[5] The method of any one of [1] to [4], wherein the
aforementioned step (c) further comprises a step of select-
ing a fragmented double-stranded DNA with a size of 200
bases to 250 bases, or 300 bases to 350 bases.

[6] The method of any one of [1] to [5], wherein the
amplification in the aforementioned step (a) is performed
by 2 to 8 cycles of PCR.

[7] The method of any one of [1] to [6], wherein the
amplification in the aforementioned step (f) is performed
by 5 to 20 cycles of PCR.

10

15

20

25

30

35

40

45

50

55

60

65

4

[8] The method of any one of [2] to [7], wherein the
amplification in the aforementioned step (iii) is performed
by 5 to 30 cycles of PCR.

[9] The method of any one of [1] to [8], wherein the fifth
primer used in the aforementioned step (f) further com-
prises a barcode sequence.

[10] The method of any one of [1] to [9], wherein the
biological sample is one to several cells.

[11] The method of [10], wherein the biological sample is
one cell.

[12] A method of measuring an amount of mRNA in cells for
preparing a nucleic acid population, comprising measur-
ing, by a next-generation sequencer, the amount of the
aforementioned amplified double-stranded DNA in the
nucleic acid population prepared by the method of [1] to
[11].

[13] A kit for preparing a cDNA population to be applied for
the measurement of mRNA amount by a next-generation
sequencer, which comprises the following:

(a) the first primer comprising any additional nucleic acid
sequence X having amine added to the 5'-terminal, and
optionally further comprising a poly T sequence at the
downstream thereof

(b) the second primer comprising any additional nucleic acid
sequence Y, and optionally further comprising a poly T
sequence at the downstream thereof

(c) the third primer comprising any additional nucleic acid
sequence 7Z and the aforementioned additional nucleic
acid sequence Y in this order, and optionally further
comprising a poly T sequence at the downstream thereof

(d) a double-stranded DNA comprising any sequence V
having 3'-overhang thymine (T)

(e) the fourth primer comprising the aforementioned
sequence V

() the fifth primer comprising the aforementioned additional
nucleic acid sequence Z, and optionally further compris-
ing the aforementioned additional nucleic acid sequence
Y at the downstream thereof.

[14] The kit of [13], wherein the fifth primer in the afore-
mentioned (f) further comprises a barcode sequence.

[15] The kit of [13] or [14], further comprising

(g) the sixth primer consisting of the aforementioned addi-
tional nucleic acid sequence Y and poly T sequence,

(h) the seventh primer consisting of the aforementioned
additional nucleic acid sequence X and poly T sequence,

(1) the eighth primer comprising the aforementioned addi-
tional nucleic acid sequence X, and optionally further
comprising a poly T sequence at the downstream thereof,
and

(j) the ninth primer comprising the aforementioned addi-
tional nucleic acid sequence Y, and optionally further
comprising a poly T sequence at the downstream thereof.

[16] The kit of [15], wherein the aforementioned sixth
primer and the aforementioned ninth primer are the same,
and/or the aforementioned seventh primer and the afore-
mentioned eighth primer are the same.

[17] The kit of [15] or [16], wherein the aforementioned
second primer and the aforementioned ninth primer are
the same.

[18] The kit of any one of [13] to [17], further comprising
polymerase used for DNA amplification.

Effect of the Invention

The present invention provides a quantitative amplifica-
tion technique of an extremely small quantity of cDNA by
a convenient PCR method, which is directly applicable to
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oligonucleotide microarray and is highly reliable. In the
method of the present invention, template cDNA in an
amount sufficient for a microarray experiment can be syn-
thesized and amplified from a single cell by a one-day
experiment. The conventional method and the method of the
present invention are compared by a real-time PCR experi-
ment using some gene products as probes, and it was
confirmed that both systematic error (lineage error) and
random error were markedly improved without doubt. Fur-
thermore, in a transcriptome analysis experiment using the
method of the present invention, it was confirmed that
quantitative analysis at a single cell level with good repro-
ducibility, which is far improved than a conventional
method, has become possible.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows the concept of the SC3-seq. The SC3-seq
targets only the 3' ends shown with orange dotted square in
the Figure. FIG. 1B is a graph showing 21,254 protein-
coding genes annotated in the Mouse mm10 database, which
are aligned in the order of the length of their transcripts
(left). In the right Figure, while the sum of all the lengths of
the transcripts is around 60 Mbp, that of the 200 bp from the
3" ends of all transcripts is only 4 Mbp. FIG. 1C shows the
scheme for the SC3-seq. The left Figure shows the cDNA
synthesis and amplification steps, and the right shows library
construction steps. FIG. 1D is a graph showing the averaged
SC3-seq track [read density (RPM, x1000 reads) plotted
against the read position from the annotated TTSs] of 100 ng
of RNAs from mESCs. In the Figure, the red line represents
the track of reads mapped on the sense strands; and the blue
line shows the track of reads mapped on the anti-sense
strands. FIG. 1E shows the positions of the SC3-seq reads of
the Pou5fl and Nanog loci. The red peaks indicate the reads
mapped on the sense strands, and the blue peaks show the
reads mapped on the anti-sense strands. FIG. 1F is a graph
plotting gene counts against the extent of the definition of
the 3' end extension. The gene counts show an increase in the
number of reads as indicated by the color codes. FIG. 1G is
a graph showing gene counts for correct (black bars) or
wrong annotations by the extension of the definition of the
TTSs by the indicated length. The 205 genes that exhibited
gene counts of not less than 2-fold (x2, x3, x4 in FIG. 1F)
by extending the definition of the TTSs by 10 Kb were
visually inspected for collect/wrong annotations in compari-
son to the published RNA-seq data.

FIG. 2A is a graph showing comparison of the expression
levels of the cDNAs amplified by Q-PCR [from 1 ng
(middle) and 10 pg (right) total RNAs, prior to the SC3-seq
library construction] (Ct value) with those estimated by the
SC3-seq [log, (RPM+1)]. The left Figure shows the concept
of comparison method. FIG. 2B is a graph showing corre-
lations between the quantities of the ERCC RNAs in a
dilution series of mESC total RNAs (MS01TO1 and
MSO01T17 for 100 ng and 10 pg of total RNAs, respectively)
and SC3-seq [log, (RPM+1)] by SC3-seq [log, (RPM+1)].
The SC3-seq data for the ERCC spike-in RNAs with not less
than 10 copies per 10 pg were used for the regression line.
FIG. 2C is a scatter diagram showing comparison between
two independently amplified replicates from 100 ng, 10 ng,
1 ng, 100 pg and 10 pg of mESC total RNAs. In the Figure,
the white and yellow areas indicate expression-level ranges
within 2-fold and 4-fold differences. In the Figure, copy
numbers per 10 pg of total RNAs estimated by the SC3-seq
reads of the ERCC spike-in RNAs in 100 ng of RNAs are
indicated by dashed lines (vertical lines) (1000 copies, 100
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copies, 10 copies and 1 copy from the right). FIG. 2D is a
scatter diagram showing comparison between replicates
from 100 ng of total RNAs and a replicate from 10 ng, 1 ng,
100 pg and 10 pg of mESC total RNAs. In the Figure, the
white and yellow areas indicate expression-level ranges
within 2-fold and 4-fold differences. In the Figure, copy
numbers per 10 pg of total RNAs estimated by the SC3-seq
reads of the ERCC spike-in RNAs in 100 ng of RNAs are
indicated by dashed lines (vertical lines) (1000 copies, 100
copies, 10 copies and 1 copy from the right). FIG. 2E is a
scatter diagram showing comparison between averaged
SC3-seq data [log, (RPM+1)] of 100 ng of mESC total
RNAs with those of 10 pg of total RNAs. In the Figure, the
white and yellow areas indicate expression-level ranges
within 2-fold and 4-fold differences, respectively. In the
Figure, copy numbers per 10 pg of total RNAs estimated by
the SC3-seq reads of the ERCC spike-in RNAs in 100 ng of
RNAs are indicated by dashed lines (vertical lines) (1000
copies, 100 copies, 10 copies and 1 copy from the right).
FIG. 2F is a graph plotting standard deviations of gene
expression levels against gene expression levels by the
SC3-seq in eight 10 pg RNA samples. FIG. 2G shows the
relationship between comparisons of minimum (min) and
maximum (max) correlation coefficients (R*) and percent-
ages of genes within 2- and 4-fold expression differences (all
gene expressions and genes that expressed not less than 20
copies per 10 pg). FIG. 2H is a graph showing total mRNA
molecule numbers per 10 pg RNA, which are estimated from
the copy numbers of ERCC spike-in RNAs in 100 ng, 10 ng,
1 ng, 100 pg and 10 pg of mESC total RNAs.

FIG. 3A is a graph showing coverage of SC3-seq from 10
pg of total RNAs as a function of the expression level [log,
(RPM+1)] in 100 ng of total RNAs. The black lines repre-
sent the means of coverage in single-sample analysis. The
results of multiple-sample analyses under the detection
definition of transcripts detected in =1-8 of eight amplified
samples are respectively shown. In the Figure, copy num-
bers per 10 pg of total RNAs, which is calculated by
SC3-seq reads of ERCC spike-in RNAs in 100 ng of RNAs
are indicated by dashed lines (vertical lines) (1,000 copies,
100 copies, 10 copies, 1 copy from the right). FIG. 3B shows
accuracy of the SC3-seq from 10 pg of total RNAs as a
function of the expression level [log, (RPM+1)]. The black
lines represent the means of accuracy of single-sample
analysis. The results of multiple-sample analyses under the
definitions of detection where transcripts are detected in 1-8
of'the eight amplified samples are shown. In the Figure, copy
numbers per 10 pg of total RNAs estimated by the SC3-seq
reads of the ERCC spike-in RNAs in 100 ng of RNAs are
indicated by dashed lines (vertical lines) (1000 copies, 100
copies, 10 copies, 1 copy from the right). FIG. 3C is a graph
showing the plot of the number of genes [log, (RPM+1)=4,
=<2-fold compared to gene expression level determined by
full length reads] by SC3-seq from 100 ng, 10 ng, 1 ng, 100
pg and 10 pg of mESC total RNAs as a function of the reads.
FIG. 3D is a graph showing the plot of the percentage
[=2-fold compared to gene expression level determined by
full length reads] by SC3-seq from 10 pg of mESC total
RNAs as a function of reads, which is categorized by
expression level ranges in 100 ng of total RNAs.

FIG. 4A is a graph showing the plot of the expression
level and the transcript length, which are detected in dilution
samples from SC3-seq (100 ng (replicated once, MS01T01),
10 ng (replicated once, MS01T05) and 10 pg (replicated
once, MS01T17) of ESC total RNAs; dilution samples from
single mESC (MS04T18) and single human ESC
(MS04T66)), Smart-seq2 (1 ng (Smart-seq2_1 ng,
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HEK _repl) and 10 pg (Smart-seq2_10 pg, HEK repl) of
HEK293 total RNAs; and single mESC and single mouse
embryonic fibroblast (Smart-seq2_MEEF, replicated once)),
single cell RNA-seq by Yan et al. (single human ESC
(Yan_hESC_1) and full length RNA-seq (Ohta_mESC and
Ohta_MEF]. The expression levels by SC3-seq are shown as
log, RPM, whereas those by the other methods are shown as
log, FPKM. The histogram on the right of each scatter plot
indicates distribution of gene expression levels of transcripts
with different lengths. FIG. 4B is a graph showing distribu-
tions of the mapped reads around the 3'-ends of the tran-
scripts by the three single-cell RNA-seq method. FIG. 4C is
a graph showing distributions of the mapped reads by the
length of the transcripts by the three single-cell RNA-seq
method. FIG. 4D is a graph showing analysis of detection
limit by the three single-cell RNA-seq method of all (top)
and short transcripts (less than 1 kbp, 913 and 832 genes for
mouse and human, respectively) (bottom) [gene-expression
levels of not less than the 6555th from the top and not less
than the 6217th for mice and humans, respectively (%4 of all
the annotated transcripts for mice and humans), ~log,
RPM=3.69+0.05 (SC3-seq), ~log, FPKM=2.21+1.28 (Yan
et al.) and ~log, FPKM=2.92+0.27 (Picelli et al.), 2-fold
compared to gene expression levels by the full length reads).

FIGS. 5A and 5B show unsupervised hierarchical clus-
tering (UHC) with all expressed genes [log, (RPM+1)=4 in
all samples, 12,010 genes] (FIG. 5A) and a heat map of the
expression levels of marker genes for epiblast, primitive
endoderm (PE) and trophectoderm (TE) (FIG. 5B). The
annotated cell types [epiblast, PE, polar TE and mural TE]
were defined based on the clustering, locations and expres-
sion of known marker genes. FIG. 5C shows the results of
principal component analysis (PCA) of the cells by all
expressed genes. They are shown in the drawings developed
with PC1 and PC2 (top) or PC1 and PC3 (bottom). FIG. 5D
is a graph plotting differences in the average gene expression
between epiblast (nine samples) and PE (nine samples)
(left), and between mTE (nine samples) and pTE (10
samples) (right). The difference in the gene expression
shows not less than 4-fold difference in one cell type with
mean log, (RPM+1)=4. The genes showing up-regulated
expression in PE (504 genes), epiblast (309 genes), pTE
(231 genes) and mTE (391 genes) are colored blue, green,
yellow and orange, respectively. FIG. 5E is a graph showing
expression of the genes showing up-regulated expression in
mTE (left) or pTE (right) among the four cell types. The bar
in the box indicates the average expression level. FIG. 5F
shows the results of gene ontology (GO) analysis of genes
showing up-regulated expression in mTE (top) or pTE
(bottom). FIG. 5G shows average gene expression levels in
the four cell types, which were calculated based on the copy
numbers of ERCC spike-in RNAs. The bar in the middle of
the box indicates the average expression level.

FIG. 6A is a graph showing phase-contrast images of the
hiPSC colonies (585B1) cultured with the SNL feeder cells
(top) or without feeder free cells (bottom). FIG. 6B shows
the results of UHC with all expressed genes [log, (RPM+
1)=4 in all samples, 12,406 genes] and heat map represen-
tation of the gene expression levels. FIG. 6C shows the
results of PCA of all cells by all expressed genes. The cells
are plotted by PC1 and PC2. FIG. 6D is a graph plotting gene
expression of hiPSCs on feeder cells (left) and under feeder-
free conditions (right) by plotting the maximum expression
level of each group (MS04T72, MS04T67 and MS04T78, as
shown in FIG. 6C) against standard deviations (SDs). Genes
that show the max expression level=6 and SD=2 are con-
sidered to be highly heterogeneously expressed genes [699

10

15

20

25

30

35

40

45

50

55

60

65

8

genes in on-feeder hiPSCs and 61 genes in feeder-free
hiPSCs]. FIG. 6E is a Venn diagram showing the relation-
ship among the heterogeneously expressed genes in FIG.
6D. FIG. 6F is a graph showing plot of the SDs of gene
expression levels in hiPSCs cultured on-feeder cells and in
hiPSCs under feeder-free conditions.

FIG. 7A shows the outline of the mechanism enabling
library construction by SC3-seq on the 3' ends. After frag-
mentation, there occur three types of fragments: fragments
bearing V3 tag on the 5' ends, fragments without a tag, and
fragments bearing a V1-tag. All of these are polished and
phosphorylated at the blunt ends. In an internal adaptor
extension step, Int sequence is added only to fragments
bearing the 3' ends added with a V1 tag. In a P1 adaptor
ligation step, P1 adaptor is added to the fragments bearing
the V3-tagged ends and also to inner fragments in the
polished sites. However, since the 3' sides of the fragments
having IntV1 tag are free of a phosphoric acid group, P1
adaptor is not added to them. Finally, only the fragments
harboring both P1 and IntV1 tags are amplified, whereby
library can be constructed selectively at the 3' ends. FIG. 7B
shows the results of Q-PCR of the amplification levels of the
ERCC spike-in RNAs amplified from 100 ng, 10 ng, 1 ng,
100 pg, and 10 pg of ESC total RNAs. FIG. 7C is a graph
showing comparison of the expression levels of amplified
c¢DNAs [1 ng (middle, 4 samples) and 10 pg (right, 16
samples) total RN As] with the expression levels of SC3-seq
library (CT value of Q-PCR) (MS01T05 and MSO01T17 for
1 ng and 10 pg, respectively, of total RNAs). The left Figure
shows a concept drawing of the comparison method.

FIG. 8A shows detection of reads on Let7a-7d gene loci.
The upper panel shows mapping of SC3-seq on the sense
strand, the middle panel shows mapping of SC3-seq on the
antisense strand, the lower panel shows mapping by Ohta et
al. FIG. 8B shows detection of reads on Mir290-295 gene
locus. The noncoding D7Ertd143e is a Mir290-295 precur-
sor. The upper panel shows mapping by SC3-seq on the
sense strand, the middle panel shows mapping by SC3-seq
on the antisense strand, and the lower panel shows mapping
by Ohta et al. FIG. 8C shows detection of reads on Mir684-1
gene locus. Single miRNA is encoded by intron of a gene
encoding Duspl9. The upper panel shows mapping by
SC3-seq on the sense strand, the middle panel shows map-
ping by SC3-seq on the antisense strand, and the lower panel
shows mapping by Ohta et al. FIG. 8D shows detection of
reads on an unclassified non-coding RNA, Gm19693, which
is annotated at the reverse strand of the 3' end of the H2afz.
The upper panel shows mapping by SC3-seq on the sense
strand, and the middle panel shows mapping by SC3-seq on
the antisense strand, and the lower panel shows mapping by
Ohta et al.

FIG. 9A shows the relationship between the quantities of
ERCC RNAs of mESC total RNAs (100 ng:two replicates;
10 ng:two replicates; 1 ng:four replicates; 100 pg:eight
replicates; 10 pg:sixteen replicates) after spiked in a dilution
and the calculated levels of ERCC spike-in RNAs by
SC3-seq (log,(RPM+1)). The SC3-seq data for ERCC
spike-in RN As with not less than 10 copies per 10 pg were
utilized for the regression line. FIG. 9B shows a heat-map of
the correlation coefficients (R?) among all measured samples
and all amplified samples by SC3-seq from dilution products
of ESC total RNAs (left: data of all expressed genes; right:
data of genes expressing not less than 20 copies per 10 pg).
FIG. 9C shows the minimum (min) and maximum (max)
values of correlation coefficients in pair-wise comparison
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groups shown in FIG. 9B (left: data of all expressed genes;
right: data of genes expressing not less than 20 copies per 10
pg).

FIG. 10A shows a heat-map of the correlation coefficients
among amplified dilution samples and measured dilution
samples by SC3-seq (left) and Smart-seq2 (right). Expres-
sion values less than 0.1 RPM and 0.1 FPKM by SC3-seq
and Smart-seq2, respectively, were set as 0.1. FIG. 10B
shows the minimum (min) and maximum (max) values of
correlation coeflicients in pair-wise comparison groups
shown in FIG. 10A (left: SC3-seq; right: Smart-seq2). FIG.
10C shows the results of detection limit analysis by three
RNA-seqs of all transcription product (upper panel, left),
less than 1 Kbp transcription product (lower panel, left), less
than 750 bp transcription product (upper panel, right) and
less than 500 bp transcription product (lower panel, right)
(gene expression levels of not less than the top 6555th and
not less than the 6217th for mice and humans, respectively
(Y4 of all the annotated transcripts for mice and humans),
~log, RPM=3.69+0.05 (SC3-seq), ~log, FPKM=2.21+1.28
(Yan et al.), and ~log, FPKM=2.92+0.27 (Picelli et al.),
=2-fold compared to gene expression level by full length
reads).

FIG. 11 A shows the results of immunofiuorescence analy-
sis of expression of marker genes [NANOG (epiblasts),
POUSF1 (epiblasts and PE), GATA4 (PE), and CDX2 (TE)]
in pre-implantation embryos on day E4.5. The scale bar was
100 um. FIG. 11B shows the results of Q-PCR analysis of
expression of marker genes [NANOG (epiblasts), GATA4
(PE), CDX2 (TE), Gapdh (housekeeping)] in amplified
c¢DNAs (quality-checked 67 cDNAs) from single cells of
pre-implantation embryos on day E4.5. FIG. 11C shows
scatter-plot comparison of ERCC spike-in RNA in amplified
samples measured by SC3-seq [log, (RPM+1)] with the
original copy number. The regression curve and correlation
coeflicient were calculated from the mean of probes whose
copy numbers are not less than 10. FIG. 11D shows the
results of box-plot of distribution of gene expression level in
each cell. FIG. 11E shows a heat-map of the correlation
coeflicients (R*) among all embryonic cells. FIG. 11F shows
the results of the box-plot of expression levels of genes
showing up-regulated expression in epiblasts compared to
PE (left) and genes showing up-regulated expression in PE
compared to epiblasts (right). FIG. 11G shows the results of
GO analysis of genes showing up-regulated expression in
epiblasts compared to PE (top) or genes showing up-regu-
lated expression in PE compared to epiblasts (bottom).

FIG. 12A shows the results of Q-PCR analysis of the
expression of pluripotent genes [POUSF1, NANOG, SOX2,
and GAPDH (housekeeping)] in amplified ¢cDNAs (112
quality-checked cDNAs) from hiPSCs (585A1 and 585B1)
cultured on or without feeder cells. FIG. 12B shows scatter-
plot comparison of ERCC spike-in RNA in amplified
samples measured by SC3-seq (log, (RPM+1)) with the
original copy number. The regression curve and correlation
coeflicient were calculated from the mean of probes whose
copy numbers are not less than 10. FIG. 12C shows the
results of box-plot of distribution of gene expression level in
each cell. FIG. 12D shows a heat-map of the correlation
coefficients (R*) among all embryonic cells.

FIG. 13A shows analysis results of expressed gene
obtained using SC3-seq from Macaca fascicularis embryo
pre- and post-implantation. Expression levels of UHC with
all expressed genes (in all samples, log, (RPM+1)=4, 18,353
genes) and a heat-map of the levels of pluripotent cell
marker, primitive endoderm marker, differentiation marker
associated with gastrulation are shown. FIG. 13B, C show
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the results of PCA of all cells by all expressed genes. FIG.
13D shows a heat-map of the expression level of gene
showing radical variation in the expression in the develop-
ment of intraembryonic cells in the body. The right shows
representative genes contained in the cluster, and the results
of Gene Ontology analysis.

FIG. 14A shows an outline of the construction of a library
corresponding to the next-generation sequencer (Miseq,
Nextseq500, Hiseq2000/2500/3000/4000) of Illumina. The
difference from the aforementioned library for
SOLiD5500x1 is the use of the DNA sequence (red broken
line) specified by Illumine as the tag. FIG. 14B shows a
graph plotting, in 1 ng of RNA extracted from mESC,
average SC3-seq track (read density (RPM, x1,000 reads)
against the position of read from the annotated TTS (tran-
scription termination site). FIG. 14C is a scatter diagram
showing comparison of two independent replicates ampli-
fied from 1 ng and 10 pg of total RNA of mESC based on
the analysis by Miseq of Illumina.

FIG. 15A shows the outline of the SC3-seq method for the
analysis by changing the aforementioned V1V3 to a novel
DNA sequence P1P2 and using the next-generation
sequencer (Miseq, Nextseq500, Hiseq2000/2500/3000/
4000) of Mlumina. FIG. 15B is a scatter diagram showing
comparison of two independent replicates amplified from 1
ng and 10 pg of total RNA of mESC by utilizing the P1P2
tag and based on the analysis by Miseq of Illumina. FIG.
15C, D show a box plot of the distribution of the expression
level of all genes obtained by analyzing, by Miseq of
Ilumina, cDNA amplified from 1 ng and 10 pg RNA by
using V1V3 tag and P1P2 tag, respectively (C), and the
number of detected genes shown in a bar graph (D).

DESCRIPTION OF EMBODIMENTS

(1) Method of Preparing Nucleic Acid Population Composed
of Amplification Product Maintaining Relative Relationship
of Gene Expression Level in Biological Sample

The present invention provides a method of preparing a
nucleic acid population containing an amplification product
maintaining a relative relationship of gene expression level
in a biological sample, and a nucleic acid population
obtained by the method.

In the present invention, the “amplification product main-
taining a relative relationship of gene expression level in a
biological sample” means an amplification product (group)
mostly maintaining the constitution of the gene product
group as a whole (quantitative ratio between respective gene
products) in a biological sample, and an amplification prod-
uct (group) ensuring a level permitting application of the
standard protocol for quantifying mRNA by a next-genera-
tion sequencer.

In the present invention, the “biological sample” means
eukaryotic cells of a species having poly A at the 3'-terminal
of mRNA, for example, animals including mammals such as
human, mouse, Macaca fascicularis and the like, plant,
fungus, protist and the like. The present invention is par-
ticularly expected as a biological sample applicable to the
cells contained in embryo in the developmental process, and
pluripotent stem cell having versatility.

While the number of cells as a biological sample is not
particularly limited, considering that the cells can be ampli-
fied with good reproducibility while maintaining the relative
relationship of gene expression level in biological samples
in the present invention, the applicable number of cells is of
the level of not more than 100, several tens, one to several,
ultimately one.
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“Quantitation of mRNA by next-generation sequencer”
means RNA sequencing (also referred to as RNA-Seq), and
means counting of mRNA having the sequence, along with
sequencing of the mRNA, namely, quantifying. As a next-
generation sequencer to be used for such object, one com-
mercially available from Illumina, Life Technologies, or
Roche Diagnostic can be used.

The method of the present invention includes the follow-
ing steps:

(a) a step of amplifying the double-stranded DNA by using
a double-stranded DNA constituted of any additional
nucleic acid sequence X, poly T sequence, mRNA
sequence (actually cDNA sequence corresponding to
mRNA sequence (hereinafter the same)) isolated from a
biological sample, poly A sequence and any additional
nucleic acid sequence Y in this order as a template, a first
primer comprising any additional nucleic acid sequence X
having amine added to the 5'-terminal, and a second
primer comprising any additional nucleic acid sequence
Y,

(b) a step of fractionalizing the double-stranded DNA
obtained in the aforementioned step (a),

(c) a step of phosphorylating the 5'-terminal of the frag-
mented double-stranded DNA obtained in the aforemen-
tioned step (b),

(d) a step of preparing cDNA by using the double-stranded
DNA obtained in the aforementioned step (¢) and having
a phosphorylated 5'-terminal as a template, and a third
primer comprising any additional nucleic acid sequence 7
and the aforementioned additional nucleic acid sequence
Y in this order, and adding adenine (A) to the 3'-terminal
of the cDNA,

(e) a step of linking a double-stranded DNA containing any
sequence having 3'-overhang thymine (T) to the double-
stranded DNA obtained in the aforementioned step (d),
and

(D) a step of amplifying the double-stranded DNA by using
the double-stranded DNA obtained in the aforementioned
step (e) as a template, a fourth primer comprising any
sequence V, and a fifth primer comprising the aforemen-
tioned additional nucleic acid sequence 7.

An outline of the method of the present invention is
shown in FIG. 1C, FIG. 14A and FIG. 15A. These figures
merely explain one embodiment of the method of the present
invention, and those of ordinary skill in the art can appro-
priately modify and perform the present invention. In the
following, each step of the method of the present invention
is explained in detail by referring to FIG. 1C and FIG. 15A.
(a) step of amplifying the double-stranded DNA by using a

double-stranded DNA constituted of any additional

nucleic acid sequence X, poly T sequence, mRNA

sequence isolated from a biological sample, poly A

sequence and any additional nucleic acid sequence Y in

this order as a template, a first primer comprising any
additional nucleic acid sequence X having amine added to
the 5'-terminal, and a second primer comprising any

additional nucleic acid sequence Y

The double-stranded DNA constituted of any additional
nucleic acid sequence X, poly T sequence, mRNA sequence
isolated from a biological sample, poly A sequence and any
additional nucleic acid sequence Y in this order to be used
in this step can be prepared by the following steps (i) to (iii)
(see WO 2006/085616 for reference).

(1) Preparation of Primary Stranded cDNA
Primary stranded cDNA is prepared reverse transcription

using an mRNA isolated from a biological sample as a
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template, and the sixth primer composed of the aforemen-
tioned additional nucleic acid sequence Y and a poly T
sequence.

The time of the reverse transcription reaction is preferably
shortened to 5-10 min, more preferably about 5 min, to
prevent the amplification efficiency in the subsequent PCR
reaction from depending on the length of the template
cDNA. In this way, primary stranded ¢cDNAs having the
same length can be synthesized for mRNA having a long
full-length. An “almost uniform length of primary stranded
c¢DNAs” means that primary stranded cDNAs with the same
length can be obtained for such mRNA having a long
full-length, and does not exclude the presence of a shorter
cDNA.

It is desirable to remove the sixth primer remaining after
this preparation by decomposition or other method. Typi-
cally, the remaining primer can be decomposed by exonu-
clease 1 or exonuclease T. Alternatively, it can also be
deactivated by modifying the 3'-side of the remaining primer
with alkaline phosphatase and the like.

(ii) Preparation Step of Secondary Stranded (Double-
Stranded) cDNA by Using Poly A Tailing Reaction and the
Seventh Primer

The primary stranded cDNA obtained in step (i) is sub-
jected to a poly A tailing reaction, and a double-stranded
DNA which is a secondary strand is obtained using the
primary stranded cDNA as a template and the seventh
primer composed of the aforementioned additional nucleic
acid sequence X and the poly T sequence.

The first primer used here and the second primer used in
step (1) are characterized in that they have mutually different
nucleic acid sequences but have constant identity and are
free of a promoter sequence.

The sixth and seventh primers are explained in more
detail below.

The additional nucleic acid sequences X and Y in the sixth
primer used in step (i): additional nucleic acid sequence Y
and poly T sequence, and the seventh primer used in step
(ii): additional nucleic acid sequence X and poly T sequence
have sequences different from each other. By using different
primers at the 3'-side and the 5'-side of cDNA, the directivity
for distinguishing the 3'-side and the 5'-side in the subse-
quent PCR amplification can be imparted.

The common sequence of the additional nucleic acid
sequences X and Y is selected such that the Tm value of the
common sequence in X and Y is lower than the Tm value of
each of the sixth and seventh primers, and the values are
different as much as possible. In this manner, undesirable
crossannealing of the sixth and seventh primers to different
sites can be prevented during annealing in the subsequent
PCR reaction. In other words, the Tm value of the common
sequence is selected not to exceed the annealing temperature
after annealing of the sixth and seventh primers. Tm value
is the temperature at which half the number of DNA
molecules anneal to complementary strands. The annealing
temperature is set to a temperature that enables pairing of the
primers, and is generally set to a temperature lower than the
Tm value of the primer.

Preferably, the nucleic acid sequences of the sixth primer
and the seventh primer have not less than 77%, more
preferably not less than 78%, further preferably 80+1%,
most preferably 79%, of identity. The upper limit of the
sequence identity is, as mentioned above, the upper limit %
at which the Tm value of the common sequence of the both
primers does not exceed the annealing temperature. Alter-
natively, the nucleic acid sequences of the sixth primer and
the seventh primer can also be defined as sequences in which
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additional nucleic acid sequences X and Y have not less than
55%, more preferably not less than 57%, further preferably
60£2%, of identity. The upper limit of the sequence identity
is the upper limit % at which the Tm value of the common
sequence of the additional nucleic acid sequences X and Y
does not exceed the annealing temperature in the PCR
reaction.

The additional nucleic acid sequences X and Y in the sixth
and seventh primers to be used each preferably have a
palindromic sequence. Specifically, since almost all restric-
tion enzyme moieties, for example, Ascl, BamHI, Sall, Xhol
moiety, other EcoRI, EcoRIV, Nrul, NotI and the like, have
a palindromic sequence, they can have these sequences.
Thus, specific examples of the sixth and seventh primers
include a primer set of a nucleic acid molecule having the
nucleic acid sequence shown in SEQ ID NO: 1
(atatctcgagggegegeeggatecttttttttttrttttttttttttt) and a nucleic
acid molecule having the nucleic acid sequence shown in
SEQ ID NO: 2 (atatggatccggegegeegtegactttttttitttttttttetettt).
When a next-generation sequencer of [llumina is used, the
detection precision can be improved by using P2(dT),,
sequence (SEQ ID NO: 6: ctgeceegggttecteat-
tottettetteteetttetetttttt) as the sixth primer, and P1(dT),,
sequence (SEQ ID NO: 7: ccactacgectecegetttectete-
tatggtreeteeeeeeeteteeeetettt) (length of poly T sequence can be
changed as appropriate) as the seventh primer.

Furthermore, the sixth and seventh primers to be used are
preferably primers having higher specificity or higher Tm
value than those of the primers used for general PCR. Using
a primer having higher Tm value than that of the primers
used for general PCR, the annealing temperature can be set
closer to the Tm value of the primer, which in turn can
suppress non-specific annealing.

Since the annealing temperature is typically 55° C., the
Tm value used for general PCR is 60° C. Thus, the annealing
temperature of the primer to be used in the present invention
is not less than 60° C. and less than 90° C., preferably about
70° C., most preferably 67° C.

(iii) PCR Amplification

Then, PCR amplification is performed using the double-
stranded DNA obtained in step (ii) as a template, and by
adding the eighth primer containing the aforementioned
additional nucleic acid sequence X, and the ninth primer
containing the aforementioned additional nucleic acid
sequence Y. As the eighth primer, the aforementioned sev-
enth primer further comprising poly T sequence at the
downstream of the additional nucleic acid sequence X may
be used. As the ninth primer, the aforementioned sixth
primer further comprising poly T sequence at the down-
stream of the additional nucleic acid sequence Y may also be
used (FIG. 1C). When the next-generation sequencer of
Illumina is used, P1 sequence (SEQ ID NO: 8: ccac-
tacgectcegcetttectetetatg) can be used as the eighth primer,
and P2 sequence (SEQ ID NO: 10: ctgccccgggttecteattct)
can also be used as the ninth primer (FIG. 15A).

The cycles of PCR can be appropriately changed accord-
ing to the amount of mRNA isolated from the biological
sample to be used, i.e., the number of cells to be used.
Examples thereof include 5 to 30 cycles of PCR, more
preferably 7 cycles when mRNA contained in 100 ng of total
RNA is used as the template. Similarly exemplified are 11
cycles when mRNA contained in 10 ng of total RNA is used
as the template, 14 cycles when mRNA contained in 1 ng of
total RNA is used as the template, 17 cycles when mRNA
contained in 100 pg of total RN A is used as the template, and
20 cycles when mRNA contained in 10 pg of total RNA is
used as the template.
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In step (iii), non-specific annealing can be suppressed by
setting the annealing temperature in PCR amplification
closer to the Tm value of the primer to be used. For example,
a primer set of a nucleic acid molecule having the nucleic
acid sequence shown in SEQ ID NO: 1 and a nucleic acid
molecule having the nucleic acid sequence shown in SEQ ID
NO: 2 is used, the annealing temperature is not less than 60°
C. and less than 90° C., preferably about 70° C., most
preferably 67° C.

In step (iii), primary stranded cDNAs derived from the
same starting sample are preferably divided into plural, for
example, 3-10, preferably about 4, tubes, each of which is
subjected to PCR reaction, and they are finally mixed. In this
way, random errors are averaged and can be markedly
suppressed.

The double-stranded DNAs amplified in step (iii) are
coamplified using, for example, ERCC spike-in RNA com-
mercially available from Life Technologies as a template,
the amounts and assumed copy numbers thereof are com-
pared, and whether the amplification by the aforementioned
PCR was performed normally can be confirmed.

In step (a), using a double-stranded DNA obtained as
mentioned above as a template, the first primer containing
the aforementioned additional nucleic acid sequence X
having amine added to the 5'-terminal, and the second
primer comprising the aforementioned additional nucleic
acid sequence Y, the double-stranded DNA is amplified,
whereby amine can be added to the 5'-terminal of the
additional nucleic acid sequence X in the double-stranded
DNA. The first and second primers may further contain poly
T sequence at the downstream of the additional nucleic acid
sequences X and Y, respectively. Therefore, the seventh
primer having amine added to the 5'-terminal used in step (ii)
can be used as the first primer, and the sixth primer used in
step (i) can be used as the second primer (FIG. 1C).
Alternatively, when primers free of poly T sequence are used
as the eighth and ninth primers in step (iii), the eighth primer
having amine added to the 5'-terminal can also be used as the
first primer, and the ninth primer can also be used as the
second primer (FIG. 15A).

By the addition of the amine, phosphorylation of the
S'-terminal side of the mRNA sequence can be suppressed in
the subsequent step (c), and a library having only the
3'-terminal side of the mRNA sequence can be constructed.
The amplification in step (a) is not particularly limited as
long as amine can be added to the 5'-terminal of the
additional nucleic acid sequence X in the double-stranded
DNA. For example, it is performed by 2-8 cycles, preferably
4 cycles, of PCR. The amine to be added is not particularly
limited as long as it can suppress phosphorylation of the
S'-terminal in step (c), and an amino group is preferably
added.

(b) step of fractionalizing the double-stranded DNA
obtained in the aforementioned step (a)

In step (b), the double-stranded DNA obtained in step (a)
is fractionalized. For fragmentation of DNA, for example, a
division method using ultrasonication or a method using
DNA fragmentating enzyme is available. In the present
invention, a division method using ultrasonication is pref-
erably used.

(c) step of phosphorylating the 5'-terminal of the fragmented
double-stranded DNA obtained in the aforementioned
step (b)

In step (c), the 5'-terminal of the fragmented double-
stranded DNA obtained in step (b) is phosphorylated. The
phosphorylation can be performed using a nucleic acid
kinase known per se. However, as mentioned above, a
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S'-terminal added with amine cannot be phosphorylated.

When fragmentation is performed by ultrasonication in step

(b), the cleaved terminal may not be smoothed. Thus, it is

desirable to smooth the terminal by using DNA polymerase,

and then perform step (c).

After step (c), a step for selecting a fragmented double-
stranded DNA having any base length may be performed.
While the base length is not particularly limited as long as
mRNA can be recognized by sequencing, it is preferably 200
to 250 base length by SOLiD5500x1 of Life Technologies,
and 350 to 500 base length by Miseq/NextSeqS00/
Hiseq2000/2500/3000/4000 of Illumina.

The step for selecting DNA may be performed by any
means known in the field such as DNA adsorption method,
gel filtration method, gel electrophoresis and the like. The
step can be conveniently performed using AMPureXP beads
of Beckman Coulter.

(d) step of preparing cDNA by using the double-stranded
DNA obtained in the aforementioned step (¢) and having
a phosphorylated 5'-terminal as a template, and a third
primer comprising any additional nucleic acid sequence 7
and the aforementioned additional nucleic acid sequence
Y in this order, and adding adenine (A) to the 3'-terminal
thereof
In step (d), using the double-stranded DNA having the

phosphorylated 5'-terminal, which is obtained in step (c), as

a template, and the third primer which is the second primer

comprising the aforementioned additional nucleic acid

sequence Y (and optionally further comprising poly T

sequence) further having any additional nucleic acid

sequence 7 at the 5'-side, the additional nucleic acid
sequence Z is added to the 5'-terminal of the phosphorylated
double-stranded DNA. In this step, additional nucleic acid
sequence Z can be added to the additional nucleic acid
sequence Y in the double-stranded DNA by elongation
reaction using the double-stranded DNA having the phos-

phorylated 5'-terminal, which is obtained in step (c), as a

template, the third primer added thereto, and DNA poly-

merase. By using, as DNA polymerase, an enzyme having a

TdT activity to add adenine (A) to the 3'-terminal, adenine

(A) is added to the 3'-terminal of each strand of the double-

stranded DNA. By this step (d), a double-stranded DNA

constituted of mRNA sequence having phosphorylated

S'-terminal and isolated from a biological sample, poly A

sequence, any additional nucleic acid sequence Y and any

additional nucleic acid sequence Z in this order can be
obtained. The optional additional nucleic acid sequence Z is

a sequence relying on the next-generation sequencer to be

used, and a sequence recommended by the manufacturer of

the sequencer can be wused. For example, when

SOLiD5500XL. of Life Technologies is used, any sequence

shown in SEQ ID NO: 3 (ctgcetgtacggecaaggegt) can be used

as additional nucleic acid sequence Z. When Miseq/Next-

Seq500/Hiseq2000/2500/3000/4000 of Illumina is used,

Rd2SP sequence shown in SEQ ID NO: 13 (gtgactggagttca-

gacgtgtgctcttccgate) can be used as the additional nucleic

acid sequence Z.

(e) step of linking a double-stranded DNA containing any
sequence having 3'-overhang thymine (T) to the double-
stranded DNA obtained in the aforementioned step (d)
The double-stranded DNA containing any sequence V

having thymine (T) overhang at the 3'-terminal of sense

strand (double-stranded DNA obtained in step (d) and con-
taining a strand linked to strand containing sense strand of
mRNA sequence) is a double-stranded DNA in which only
one base (T) lacks a complementary chain at the 3'-terminal
side, and when the overhang has, at the 5'-terminal of the
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double-stranded DNA to be linked, a complementary strand
which is similarly a one base (A) overhang, ligation at the
protruding terminal becomes possible. In the present inven-
tion, sequence V is a sequence relying on the next-genera-
tion sequencer to be used and, for example, a sequence
commercially available from Life Technologies and Illu-
mina can be employed. Specifically, for example, P1-T

(SEQ ID NO: 11: ccactacgecteegcetttectetcetatgt) in FIG. 1C,

and RAISP-T (SEQ ID NO: 12: tctttccctacacgacgcetettce-

gatct) (both sense strands) in FIG. 15A can be used.

() step of amplification by using the double-stranded DNA
obtained in the aforementioned step (e) as a template, a
fourth primer comprising the aforementioned sequence V,
and a fifth primer comprising the aforementioned addi-
tional nucleic acid sequence Z.

In step (f), the fourth and fifth primers to be used are
sequences relying on the next-generation sequencer to be
used. The fifth primer only needs to contain at least addi-
tional nucleic acid sequence Z, and may further contain the
aforementioned additional nucleic acid sequence Y at the
downstream thereof. More preferably, the fifth primer desir-
ably further comprises a barcode sequence, and desirably
further contains an adapter sequence having any sequence.
For example, as the fourth and fifth primers, sequences
commercially available from Life Technologies and Illu-
mina can be used.

In step (f), the number of cycles of amplification is not
particularly limited as long as double-stranded DNA not
amplified by the fourth and fifth primers (fragmented
double-stranded DNA containing 3'-terminal side or internal
sequence of mRNA sequence) decreases relatively. It is, for
example, 5 to 30 cycles, preferably 9 cycles, of PCR
amplification.

The nucleic acid population in the present invention
obtained by the above-mentioned step is useful as a sample
to be applied to a next-generation sequencer and used for the
sequencing and the measurement of the nucleic acid number.
Particularly, since only the 3'-side is specifically extracted, a
library certainly containing a part of mRNA can be con-
structed. Therefore, it is superior in the quantification of
amplified mRNA, and can detect expression levels of
mRNA more accurately and comprehensively as compared
to conventional RNA-Seq.

In another embodiment, the present invention provides a
kit for preparing a cDNA population to be applied to the
measurement of mRNA amount by a next-generation
sequencer.

The kit of the present invention may be constituted of the
following primers mentioned above:

(a) the first primer comprising any additional nucleic acid
sequence X having amine added to the 5'-terminal (and
optionally further comprising a poly T sequence)

(b) the second primer comprising any additional nucleic acid
sequence Y (and optionally further comprising a poly T
sequence)

(c) the third primer comprising any additional nucleic acid
sequence 7Z and the aforementioned additional nucleic
acid sequence Y in this order (and optionally further
comprising a poly T sequence)

(d) a double-stranded DNA comprising any sequence V
having 3'-overhang thymine (T)

(e) the fourth primer comprising the aforementioned
sequence V, and

() the fifth primer comprising the aforementioned additional
nucleic acid sequence Z (and optionally further compris-
ing the aforementioned additional nucleic acid sequence
Y).
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The kit may further contain the following primer sets for
preparing a double-stranded DNA constituted of any addi-
tional nucleic acid sequence X, poly T sequence, mRNA
sequence isolated from a biological sample, poly A sequence
and any additional nucleic acid sequence Y in this order:
(g) the sixth primer consisting of the aforementioned addi-

tional nucleic acid sequence Y and poly T sequence,

(h) the seventh primer consisting of the aforementioned
additional nucleic acid sequence X and poly T sequence,

(1) the eighth primer comprising the aforementioned addi-
tional nucleic acid sequence X, and optionally further
comprising a poly T sequence at the downstream thereof,
and

() the ninth primer comprising the aforementioned addi-

tional nucleic acid sequence Y, and optionally further
comprising a poly T sequence at the downstream thereof.
As used herein, the aforementioned sixth primer and the
aforementioned ninth primer may be the same, or the
aforementioned seventh primer and the aforementioned
eighth primer may be the same. Furthermore, the afore-
mentioned second primer and the aforementioned ninth
primer may be the same.

The kit may further contain other reagents (e.g., DNA
polymerase, dNTP mix, buffer etc.) necessary for PCR
reaction and other reagents necessary for ligation reaction,
reverse transcription reaction, terminal phosphorylation
reaction and the like.

The present invention is explained in more detail in the
following by referring to Examples, which are not to be
construed as limitative.

EXAMPLE 1

RNA Extraction

All the animal experiments were performed under the
ethical guidelines of Kyoto University. The mouse embry-
onic stem cell (mESC) line BVSC R8 was cultured as
reported previously (Hayashi, K. et al, Cell, 146, 519-532,
2011), and total RN As from the line were extracted using an
RNeasy mini kit [Qiagen (74104)] according to the manu-
facturer’s instructions. The extracted RNAs were serially
diluted by double-distilled water (DDW) to concentrations
of 250 ng/ul, 25 ng/ul, 2.5 ng/ul, 250 pg/ul and 25 pg/ul for
use in evaluation of the quantitative performance of the
single-cell mRNA 3-prime end sequencing (hereinafter
referred to as SC3-seq).

For isolating mouse blastocysts, C57BL/6 mice were
mated and noon of the day when a copulation plug was
identified was designated as embryonic day (E) 0.5. At E4.5,
pre-implantation blastocysts were isolated from the uteri by
KSOM[Merck Millipore (MR-020P-5D)], and then they
were bisected into a polar part containing an inner cell mass
(ICM) and polar trophectoderm (pTE) and a mural part
containing mural TE (mTE) by a glass needle under a
dissection microscope [Leica Microsystems (M80)]. Each
fragment was incubated with 0.25% trypsin/PBS[Sigma-
Aldrich (T4799)] for around 10 min at 37° C., then disso-
ciated into single cells by pipetting and suspended in 0.1
mg/ml of PVA/PBS [Sigma-Aldrich (P8136)] in preparation
for the SC3-seq analysis.

The dealing with human samples was approved by the
Ethics Committee, Graduate School of Medicine, Kyoto
University, with written informed consent provided by each
donor. For the analysis of human-induced pluripotent stem
cells (hiPSCs), two iPSC lines, 585A1 and 585B1 (Okita, K.
et al, Stem Cells, 31, 458-466, 2013), which are human iPS
cells (hiPSCs), were cultured either under a conventional
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culture condition [DMEM/F12 [Life Technologies (11330-
32)] supplemented with 20% (vol/vol) Knockout Serum
Replacement [KSR; Life Technologies (10828-028)], 1%
(vol/vol) GlutaMax [Life Technologies (35050-061)], 0.1
mM nonessential amino acids [Life Technologies (11140-
050)], 4 ng/ml recombinant human bFGF [Wako Pure
Chemical Industries (064-04541)] and 0.1 mM 2-mercapto-
ethanol [Sigma-Aldrich (M3148)]] on the SNL feeder cells
or under a feeder-free condition (Nakagawa, M, et al,
Scientific reports, 4, 3594, 2014 or Miyazaki, T. et al, Nat
Commun, 3, 1236, 2012). For the isolation of hiPSCs from
the feeders, the culture was first treated with CTK solutions
[0.25% Trypsin [Life Technologies (15090-046)], 0.1 mg/ml
Collagenase IV [Life Technologies (17104-019)], 1 mM
CaCl, [Nacalai Tesque (06729-55)]] for the removal of the
feeder cells, then dissociated into single cells using accutase
[Innovative Cell Technologies]. For the preparation of single
cells under a feeder-free system, the cells were dissociated
into single cells with 0.5xTrypLE Select [TrypLE Select
[Life Technologies (12563011)] diluted 1:1 with 0.5 mM
EDTA/PBS]. Dissociated single state hiPSCs were trans-
ferred into 1% KSR/PBS containing 10 uM of the ROCK
inhibitor Y-27632 [Wako Pure Chemical Industries (2257-
00511)] in preparation for the SC3-seq analysis.

Animal experiment using cynomolgus monkeys were
approved by the Animal Care and Use Committee of Shiga
University of Medical Science. The procedures in cynomol-
gus monkeys for superovulation, oocyte collection, artificial
insemination, early embryo culture, transfer of the embryos
into foster mothers, and isolation of post-implantation
embryos were performed as reported previously. J Yamasaki
and others, ‘Vitrification and Transfer of Cynomolgus Mon-
key (Macaca Fascicularis) Embryos Fertilized by Intracyto-
plasmic Sperm Injection.”’, Theriogenology, 76.1 (2011),
33-38 <http://dx.doi.org/10.1016/].theriogenol-
0gy.2011.01.010>.
c¢DNA Synthesis and Amplification for the SC3-Seq Analy-
sis

V1V3-cDNA synthesis and amplification from isolated
RNAs of single cells were performed essentially as reported
previously ((Kurimoto, K. et al, Nucleic Acids Res, 34, e42,
2006 or Kurimoto, K. et al, Nature protocols, 2, 739-752,
2007), except that the Qiagen RNase inhibitor [0.4
U/sample, Qiagen (129916)], the Porcine Liver RNase
inhibitor [0.4 U/sample, Takara Bio (2311A)] and the spike-
in RNAs developed by the External RNA Controls Consor-
tium [ERCC; Life Technologies (4456740)] were used, and
different numbers of PCR cycles were employed for ampli-
fication depending on the amounts of total RNAs (total RNA
100 ng: 7 cycles; 10 ng: 11 cycles; 1 ng: 14 cycles; 100 pg:
17 cycles; 10 pg: 20 cycles). P1P2-cDNA synthesis and
amplification are different from V1V3-cDNA synthesis and
amplification in the use of SuperScript4 (Life Technologies
(Ser. No. 18/090,200)) and KOD FX NEO (Toyobo (KFX-
201)). A total of 62,316 or 12,463 copies of the ERCC
spike-in RNAs were added to the Lysis buffer per 10 pg of
total RNAs and single cells, respectively. Prior to the con-
struction of the SC3-seq library, the quality of the amplified
cDNAs was evaluated by examining the Ct values of the
quantitative real-time PCR (Q-PCR) of the ERCC spike-in
RNAs and several endogenous genes (see Supplementary
Table S3 for the primer list), and by examining the cDNA
fragment proportion by LabChip GX [Perkin Elmer]| or
Bioanalyzer 2100 [Agilent Technologies]. For mESC total
RNA dilution analysis, ERCC-00074, 9030 copies; ERCC-
00004, 4515 copies; ERCC-00113, 2257 copies; ERCC-
00136, 112.8 copies; ERCC-00042, 282.2 copies; ERCC-
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00095, 70.5 copies; ERCC-00019, 17.6 copies; and ERCC-
00154: 4.4 copies were used, and for the analyses of mouse
pre-implantation embryos and hiPSCs, ERCC-00096: 1806
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copies; ERCC-00171: 451.5 copies; and ERCC-00111: 56.4
copies were used. As the endogenous genes, those described
in Table 1 were used.

Target Primer set name sense primer anti-sense primer
Table 1-1
ERCC ERCC-0007 ERCC-00074-gPC AAGTGAGGCTCTCTCAT CTGGGGTTATGAGTAG
spike-in4 R-sl/asl TGGTTT GGATGAG
ERCC-0000 ERCC-00004-gPC GACATCTTCATAAGGGG GGCAAGCCGGTGATTT
4 R-sl/asl TTGGGT TATCTAC
ERCC-0011 ERCC-00113-gPC TACCCTGTAGAACCCGA TTAAGCTCTGCACCTGT
3 R-sl/asl CTTTTG TACACT
ERCC-0013 ERCC-00136-gPC GATGTTTGGACTGATGG GATTTCAGCATGTTGAG
6 R-sl/asl AAGCAC CTTCGT
ERCC-0004 ERCC-00042-gPC GTGGTCTGCATAAGGGT GCTTTGTCTTTAAACGC
2 R-sl/asl AGAGAG TCACCT
ERCC-0009 ERCC-00095-gPC ATCCGTCAATAAAACCT GGCTTTGTGGGATGAG
5 R-sl/asl CTGGCT GTTAAAG
ERCC-0001 ERCC-00019-gPC TCTGTCTGTTAGTGAGA TTTTGACCTAGCCCCAT
9 R-sl/asl GCCCTA CTACAC
ERCC-0015 ERCC-00154-gPC CACGCGCTATTCAGACG TGGATATCCTCGCTTGA
4 R-sl/asl TTATTT GTTGAC
ERCC-0009 ERCC-00096-gPC GATCCCGGAAGATACGC CGCAGGTTGATGCTTCC
6 R-sl/asl TCTAAG AATAAA
ERCC-0017 ERCC-00171-gPC CAGGCAAGAGTTCAATC TAGCCTTCAGTGACTGT
1 R-sl/asl GCTTAG GAGATG
ERCC-0011 ERCC-00111-gPC CCAACCCCACATTGTAA GTCTTTACTTACGCGCT
1 R-sl/asl CTTCG CCTCT
Mouse Cdx2 caxz2 (+) /(-) ATTGTTTGCTGCTGTTC CGACTTCCCTTCACCAT
GAGTC ACAAC
Dnmt3a Dnmt3a-2(+)/(-) GACTCGCGTGCAATAAC GGTCACTTTCCCTCACT
CTTAG CTGG
Dnmt3b Dnmt3b (+) / (=) CTCGCAAGGTGTGGGCT CTGGGCATCTGTCATCT
TTTGTAAC TTGCACC
Dppa2/ECA musDppa2-gPCR- CATGTAGCAACTCCAGT ACATCAGTACTGGCTAA
T15-2 sl/asl GGACC GTGGT
Dppa3/Stella Stella-B(+) /(-) AGGCTCGAAGGAAATG TCCTAATTCTTCCCGATT
AGTTTG TTCG
Table 1-2
Dppa4 /ECA musDppa4d - GTTTTGCTGCAAGTAG GACTGCTGAACTGGTT
T15-1 gPCR-s8l/asl GTCCTG ATGACG
Dppa5/Esg Qesgl-5/3 AAGGAGTGCTGAAGCT CAGCTTAACCTGCATC
1 GGAGG CAGGTC
Esrrb musEsrrb-gPCR- GCCTTTACTATCTGTGC TAGTGCTTCTCTTTGGT
s1/asl CTGGT GCTGT
Gapdh Qgapdh5/3 ATGAATACGGCTACAG CTCTTGCTCAGTGTCCT
CAACAGG TGCTG
Gata2 musGata2-gPCR- AAAGTGTCCCAAGCTTC GCACTTGGTTGACTCA
s1/asl GAT GCAC
Gata4 Gatadb (+) /(=) CCTAAACCTTACTGGCCGT ACAATGTTAACGGGTTGT
AGC GGAG
Kit c-Kit (+) /(=) CAGTTACCGCGCTCTGT GCCCCTTAAGTACCTG
TTG ACATCC
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Target Primer set name sense primer anti-sense primer
Myc c-myec-1(+)/(-) AAGGAGAACGGTTCCT GCTGAAGCTTACAGTC
TCTGAC CCAAAG
Nanog Qnanog-5/3 CTTTCACCTATTAAGGTGC TGGCATCGGTTCATCATG
TTGC GTAC
Pou5£f1/0ct Qoct4-5/3 GATGCTGTGAGCCAAG GGCTCCTGATCAACAG
4 GCAAG CATCAC
Ppia PPIA(+) /(=) TTACCCATCAAACCATT AACCCAAAGAACTTCA
CCTTCTG GTGAGAGC
Prdml4 prdml4-B(+) /(-) ACAGCCAAGCAATTTG TTACCTGGCATTTTCAT
CACTAC TGCTC
Rplp0/Arbp PO (+) /{-) CAARGCTGAAGCAAAG AATTAAGCAGGCTGAC
GAAGAG TTGGTTG
Sox2 Qsox2-5/3 CATGAGAGCAAGTACT CCAACGATATCAACCT
GGCAAG GCATGG
Human POUSF1/0 hPOUSFl_F/R_q CTGTCTCCGTCACCACT AAACCCTGGCACAAAC
CT4 RT CTG TCCA
GAPDH hsGAPDH-gPCR- ACAAGAGGAAGAGAG TCTACATGGCAACTGT
sl/asl AGACCCT GAGGAG
NANOG hsNANOG-gPCR- AGAGGTCTCGTATTTGC AAACACTCGGTGAAAT
sl TGCAT CAGGGT
SOX2 hsS0X2-gPCR- TGAATCAGTCTGCCGA TCTCAAACTGTGCATA
sl/asl GAATCC ATGGAGT

Quantitative PCR (Q-PCR)

Q-PCR was performed using Power SYBR Green PCR
Master mix [Life Technologies (4367659)] with a CFX384
real-time qPCR system [Bio-Rad] according to the manu-
facturer’s instructions. The primer sequences are listed in
Table 1.

Library Construction for the SC3-Seq for the SOLiD
5500XL System

5 ng of amplified and quality-checked cDNAs were added
to the pre-amplification buffer [ 1xExTaq buffer [ Takara Bio
(RR0O06)], 0.2 uM of each dNTP [Takara Bio (RR006)], 0.01
ng/ul of the N-V3 (dT)24 primer (HPLC-purified, attach-
ment of amine at the 5' end), 0.01 png/ul of the V1(dT)24
primer (HPLC-purified) and 0.025 U/ul of ExTaqHS [Takara
Bio (RR006)]], and were amplified by four cycles of PCR.
The byproduct such as primer dimers were removed by size
selection through three rounds of purification using a 0.6x
volume of AMPureXP beads for each round [Beckman
Coulter (A63881)]. The purified cDNAs were diluted to 130
ul by double-distilled water (DDW) and fragmented by
shearing with Covaris S2 or E210 [Covaris] and then
endpolished in the End-polish buffer [IxNEBnext End
Repair Reaction buffer [NEB (B6052S)], 0.01 U/ul of T4
DNA polymerase [NEB (M0203)] and 0.033 U/ul of T4
polynucleotide kinase [NEB (M0201)]] for 30 min at 20° C.
After incubation, a 0.8xvolume of the AMPureXP was
added, the solution was mixed for more than 20 min and then
the supernatant was transferred to a 1.2xvolume of the
AMPureXP and the cDNAs were purified. Next, to provide
the purified ¢cDNAs with an Int-adaptor sequence, the
cDNAs were incubated in 30 pl of the Internal adaptor
extension buffer [1xExTaq Buffer, 0.23 mM of each dNTP,
0.67 uM of the IntV1 (dT)24 primer (HPLC-purified), 0.033
U/ul of ExTaqHS] using the following thermal cycler pro-
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gram: 95° C. for 3 min; 67° C. for 2 min; and 72° C. for 2
min. The reactions were terminated by chilling in an ice-
block, and after the addition of 20 pl of the Pl-adaptor
ligation buffer [a mixture of 10 pl of SxNEBNext Quick
Ligation Reaction Buffer [NEB (B6058S)], 0.6 ul of 5 uM
of the P1-T adaptor [Life Technologies (4464411)] and 1 pl
of T4 ligase [NEB (M0202M)]], the solution was incubated
for 15 min at 20° C. and for 20 min at 72° C. After two
rounds of ¢cDNA purification by adding a 1.2xvolume of
AMPure XP, the cDNAs were added into the Final ampli-
fication buffer [ 1xExTaq buffer, 0.2 mM of each dNTP, 1 uM
of the P1 primer, 1 puM of the BarTOXX IntV1 primer
(HPLCpurified) (XX shows an integer of two digits, and
specific primers are recited in Table 2), 0.025 U/ul of
ExTaqHS] and amplified by PCR using the following ther-
mal cycler program: 95° C. for 3 min; followed by nine
cycles of 95° C. for 30 s, 67° C. for 1 min and 72° C. for 1
min; with a final extension of 72° C. for 3 min. Finally, the
c¢DNA libraries were purified by using a 1.2xvolume of
AMPureXP and dissolved in 20 pl of TE buffer. The quality
and quantity of the constructed libraries were evaluated by
LabChip GX or Bioanalyzer 2100, a Qubit dsDNA HS assay
kit [Life Technologies (Q32851)] and a SOLiD Library
TagMan Quantitation kit [Life Technologies (4449639)].
The amplification of the libraries on beads by emulsion PCR
was performed using SOLiD™ EZ Bead™ System [Life
Technologies (4449639)] at the E120 scale according to the
manufacturer’s instruction. The resulting bead libraries were
loaded into flowchips and sequenced for 50 bp and 5 bp
barcode plus Exact Call Chemistry (ECC) on an SOLiD
5500XL system [Life Technologies (4449639)].
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Oligonitcleotids for SC3-geq library construction

Oligonucleotids
name sequence

Table 2-1
V1(d4T) 24 ATATGGATCCGGCGCGCCGTCGACTTTTTTTTTTTTTTTTTTTTTTTT
V3(d4T) 24 ATATCTCGAGGGCGCGCCGGATCCTTTTTTTTTTTTTTTTTTTTTTTT
N-V3(dT) 24 (NH2) -ATATCTCGAGGGCGCGCCGGATCCTTTTTTTTTTTTTTTTTTTTTTTT

IntV1(dT)24
Pl primer
BarT001-IntV1
BarT002-IntV1l
BarT003-IntV1l
BarT004-IntV1l
BarT005-IntV1
BarT006-IntV1
BarT007-IntV1l
BarT008-IntV1
BarT009-IntV1
BarT010-IntV1l
BarT011-IntV1
BarT012-IntV1
BarT013-IntV1
BarT014-IntV1l
BarT015-IntV1
BarT016-IntV1
BarT017-IntV1
BarT018-IntV1
BarT019-IntV1
BarT020-IntV1
BarT021-IntV1l
BarT022-IntV1
BarT023-IntV1
BarT024-IntV1
BarT025-IntV1
BarT026-IntV1
BarT027-IntV1
BarT028-IntV1
BarT029-IntV1
BarT030-IntV1l
BarT031-IntV1l

BarT032-IntV1l

CTGCTGTACGGCCAAGGCGTATATGGATCCGGCGCGCCGTCGACTTTTTTTTTTTTTTTTTTTTTTTT

CCACTACGCCTCCGCTTTCCTCTCTATG

ctgcccegggttectecattect ctGTGTAAGAGGCctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctAGGGAGTGGTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctATAGGTTATACtgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGGATGCGGTCctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGTGGTGTAAGCtgectgtacggecaaggcgtatatggatece
ctgcccegggttectecattet ctGCGAGGGACACtgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGGGTTATGCCectgetgtacggecaaggcgtatatggatece
ctgccccaggttectecattct ctGAGCGAGGATctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattet ctAGGTTGCGACctgetgtacggecaaggrgtatatggatece
ctgccecegggttectecattectctGCGGTAAGCTctgetgtacggtcaaggegtatatggatece
ctgcccegggttectecattet ctGTGCGACACGetgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctAAGAGGAAAACtgectgtacggeccaaggcgtatatggatece
ctgccecegggttectecattetctGCGGTAAGGCctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGTGCGGCAGACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattet ctGAGTTGAATGetgectgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGGGAGACGTTctgetgtacggeccaggcgtatatggatece
ctgcccegggttectecattetctGGCTCACCGCectgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctAGGCGGATGACtgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctATGGTAACTGetgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattetctGTCAAGCTTTctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGTGCGGTTCCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectcattct ctGAGAAGATGACtgectgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGCGGTGCTTGetgetgtacggecaaggecgtatatggatece
ctgcccecegggttectecattet ctGGGTCGGTATctgetgtacggecaaggcgtatatggatece
ctgccecegggttectcattct ctAACATGATGACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattetct CGGGAGCCCGetgetgtacggecaaggecgtatatggatece
ctgcccegggttectecattectct CAGCAAACTTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattctctAGCTTACTACCctgetgtacggecaaggcgtatatggatece
ctgccecegggttectcattct ctGAATCTAGGGectgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattect ctGTAGCGAAGACtgectgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGCTGGTGCGTctgetgtacggecaaggecgtatatggatee

ctgcccegggttectecattetctGGTTGGGTGCctgetgtacggecaaggecgtatatggatece
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-continued

Oligonitcleotids for SC3-geq library construction

Oligonucleotids
name

sequence

BatT033-IntV1l

BarT034-IntV1l

BarT035-IntV1

BarT036-IntV1l

BarT037-IntV1

BarT038-IntV1l

BarT039-IntV1

BarT040-IntV1l

BarT041-IntV1

BarT042-IntV1

BarT043-IntV1l

ctgcccegggttectecattectct CGTTGGATACCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattectct TCGTTAAAGGCctgectgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctAAGCGTAGGACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattectctGTTCTCACATctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattectct CTGTTATACCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattetctGTCGTCTTAGetgectgtacggecaaggcgtatatggatece
ctgcccegggttectecattectct TATCGTGAGTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattctct AAAAGGGTTActgectgtheggecaaggegtatatggatece
ctgccecegggttectecattetct TGTGGGATTGetgetgtacggecaaggcgtatatggatece
ctgccecegggttectcattct ctGAATGTACTACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattetct CGCTAGGGTTctgetgtacggecaaggcgtatatggatece

Table 2-2

BarT044-IntV1

BarT045-IntV1

BarT046-IntV1l

BarT047-IntV1l

BarT048-IntV1l

BarT049-IntV1

BarT050-IntV1

BarT051-IntV1

BarT052-IntV1

BarT053-IntV1

BarT054-IntV1

BarT055-IntV1

BarT056-IntV1

BarT057-IntV1

BarT058-IntV1

BarT059-IntV1

BarT060-IntV1l

BarT061-IntV1

BarT062-IntV1

BarT063-IntV1l

BarT064-IntV1l

BarT065-IntV1

BarT066-IntV1l

BarT067-IntV1l

BarT068-IntV1l

ctgcccegggttectcattct ctAAGGATGATCctactgtacggecaaggcgtatatggatece
ctgcccegggttectecattect ctGTACTTGGCTctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGGTCGTCGAACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattet ctGAGGGATGGCctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattectctGCCGTAAGTGetgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctATGTCATAAGCtgectgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctGAAGGCTTGCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattet ctAAGCAGGAGTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattect ctGTAATTGTAACtgectgtacggecaaggcgtatatggatece
ctgccecegggttectecattctctGTCATCAAGTctgectgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctAAAAGGCGGACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctAGCTTAAGCGetgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattctctGCATGTCACCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattect ct CTAGTAAGAACtgectgtacggecaaggcgtatatggatece
ctgcccegggttectecattet ct TAAAGTGGCGetgetgtacggecaaggegtatatggatece
ctgcccegggttectecattet ctAAGTAATGTCctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGTGCCTCGGTectgetgtacggecaaggcgtatatggatece
ctgcccegggttectcattct ctAAGATTATCGetgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctAGGTGAGGGTctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGCGGGTTCGACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattectctGTGCTACACCctgetgtacggecaaggcgtatatggatece
ttgccecegggttectecattet ctGGGATCAAGCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectcattet ctGATGTAATGTctgectgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGTCCTTAGGGectgetgtacggecaaggecgtatatggatece

ctgccecegggttectecattct ctGCATTGACGACtgetgtacggecaaggcgtatatggatece
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-continued

Oligonitcleotids for SC3-geq library construction

Oligonucleotids
name

sequence

BarT069-IntV1l

BarT070-IntV1l

BarT071-IntV1

BarT072-IntV1

BarT073-IntV1l

BarT074-IntV1

BarT075-IntV1

BarT076-IntV1

BarT077-IntV1

BarT078-IntV1

BarT079-IntV1

BarT080-IntV1

BarT081-IntV1l

BarT082-IntV1

BarT083-IntV1l

BarT084-IntV1

BarT085-IntV1

BarT086-IntV1l

BarT087-IntV1

BarT088-IntV1

BarT089-IntV1

BarT090-IntV1l

BarT091-IntV1l

BarT092-IntV1

BarT093-IntV1

BarT094-IntV1l

BarT095-IntV1

BarT096-IntV1

ctgcccegggttectcattetctGATATGCTTTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattectctGCCCTACAGACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctACAGGGAACGetgetgtacggecaaggcgtatatggatece
ctgcccegggttectcattct ctAAGTGAATACCctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattct ctGCAATGACGTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctAGGACGCTGAcCtgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGTATCTGGGCctgetgtacggecaaggecgtatatggatece
ctgccecegggttectecattet ctAAGTTTTAGGCctgectgtacggecaaggcgtatatggatece
ctgccecegggttectecattectctATCTGGTCTTctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattectctGGCAATCATCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectcattct ctAGTAGAATTACtgectgtacggecaaggcgtatatggatece
ctgccecegggttectecattetctGTTTACGGTGetgetgtacggecaaggecgtatatggatece
ctgccecegggttectcattct ctGAACGTCATTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattet ctGTGAAGGGAGectgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGGATGGCGTACtgetgtacggecaaggecgtatatggatece
ctgcccegggttectecattetctGCGGATGAACCtgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGGAAAGCGTTctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctAGTACCAGGACtgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctATAGCAAAGCctgetgtacggecaaggcgtatatggatece
ctgccctgggttectecattectctGTTGATCATGetgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattect ctAGGCTGTCTACtgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattect ctGTGACCTACTctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattet ctGCGTATTGGGetgectgtacggecaaggegtatatggatee
ctgcccegggttectecattct ctAAGGGATTACCctgetgtacggecaaggcgtatatggatece
ctgcccegggttectecattct ctGTTACGATGCctgetgtacggecaaggcgtatatggatece
ctgtcecegggttectecattetctATGGGTGTTTctgetgtacggecaaggcgtatatggatece
ctgccecegggttectecattct ctGAGTCCGGCActgetgtacggecaaggcgtatatggatece

ctgcccegggttectecattct ctAATCGAAGAGetgetgtacggecaaggcgtatatggatece

Library Construction for the SC3-Seq for Illumine Miseq
System

2 ng of amplified and quality-checked cDNAs were added
to the pre-amplification buffer [1xKOD FX NEO buffer, 0.4
UM of each ANTP [Takara Bio (RR006)], 0.3 uM of the N-P1
primer (HPLC-purified, attachment of amine at the 5' end),
0.3 uM of the P2 primer (HPLC-purified) and 0.02 U/ul of
KOD FX Neo], and were amplified by four cycles of PCR.
The PCR product was purified using a 0.6xvolume of
AMPureXP beads ((Beckman Coulter (A63881))]. The puri-
fied cDNAs were diluted to 130 pl by double-distilled water
(DDW) and fragmented by shearing with Covaris S2 or
E210 [Covaris] and then endpolished in the End-polish
buffer [1xNEBnext End Repair Reaction buffer [NEB
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(B60528S)], 0.01 U/ul of T4 DNA polymerase [NEB
(M0203)] and 0.033 U/ul of T4 polynucleotide kinase [NEB
(M0201)]] for 30 min at 20° C. After incubation, a 0.7x
volume of the AMPureXP was added, the solution was
mixed for more than 20 min and then the supernatant was
transferred to a 0.9xvolume of the AMPureXP and the
cDNAs were purified. Next, to provide the purified cDNAs
with an Rd2SP-adaptor sequence, the cDNAs were incu-
bated in 30 ul of the Internal adaptor extension buffer
[1xExTaq Buffer, 0.23 mM of each dNTP, 0.67 uM of the
Rd2SP-P2  primer (HPLC-purified), 0.033 U/ul of
ExTaqHS] using the following thermal cycler program: 95°
C. for 3 min; 60° C. for 2 min; and 72° C. for 2 min. The
reactions were terminated by chilling in an ice-block, and
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after the addition of 20 ul of the RA1SP adaptor ligation
buffer [a mixture of 10 pl of SxXNEBNext Quick Ligation
Reaction Buffer [NEB (B6058S)], 0.6 ul of 10 uM of the
Rd1SP adaptor and 1 pl of T4 ligase [NEB (M0202M)]], the
solution was incubated for 15 min at 20° C. and for 20 min
at 72° C. After two rounds of cDNA purification by adding
a 0.8xvolume of AMPure XP, the cDNAs were added into
the Final amplification buffer [1xKOD Fx Neo buffer, 0.4
mM of each dNTP, 0.3125 uM of the SSXX primer (XX
shows an integer of two digits, and specific primers are
recited in Table 3), 0.3125 uM of the N7XX primer (HPLC-
purified) (XX shows an integer of two digits, and specific
primers are recited in Table 3), 0.02 U/ul of KOD FX NEO]
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and amplified by PCR using the following thermal cycler
program: incubation at 95° C. for 3 min; followed by nine
cycles of 95° C. for 10 sec, 60° C. for 1 min and 68° C. for
1 min; with a final extension of 68° C. for 3 min. Finally, the
c¢DNA libraries were purified by using a 0.9xvolume of
AMPureXP and dissolved in 20 pl of TE buffer. The quality
and quantity of the constructed libraries were evaluated by
LabChip GX or Bioanalyzer 2100, a Qubit dsDNA HS assay
kit [Life Technologies (Q32851)] and a KAPA Library
Quantification Kits [KAPA (KK4828)]. The resulting library
DNAs were analyzed using Miseq Reagent kit v3, 150
cycles (Illumina (MS-102-3001)).

TABLE 3

Oligonucleotids for SC3-geqg library construction
Oligonucleotids
name sequence
P1(d4T) 24 CCACTACGCCTCCGCTTTCCTCTCTATGGHTTTTTTTTTTTTTTTTTTTTTTTT
P2 (dAT) 24 CTGCCCCGGGTTCCTCATTCTTTTTTTTTTTTTTTTTTTTTTTT
P1(28) CCACTACGCCTCCGCTTTCCTCTCTATG
P2 (21) CTGCCCCGGGTTCCTCATTCT
tRA2SP-P2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCCTGCCCCGGGTTCCTCATTCT
tRA1SPTs TCTTTCCCTACACGACGCTCTTCCGATcT
tRdA1SPTas GATCGGAAGAGCGTCGTGTAGGGAAAGA

tRA2SPV1 (dT) 20

S502

S503

S505

S506

S507

S508

S510

S511

S513

S515

S516

S517

S518

S520

S521

S522

N701

N702

N703

N704

N705

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCATATGGATCCGGCGCGCCGTCGACTTTTTTTTTTTTTTTTTTTT

AATGATACGGCGACCACCGAGATCTACACCTCTCTATACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACTATCCTCTACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACGTAAGGAGACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACACTGCATAACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACAAGGAGTAACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACCTAAGCCTACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACCGTCTAATACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACTCTCTCCGACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACTCGACTAGACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACTTCTAGCTACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACCCTAGAGTACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACGCGTAAGAACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACCTATTAAGACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACAAGGCTATACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACGAGCCTTAACACTCTTTCCCTACACGACGCTCT

AATGATACGGCGACCACCGAGATCTACACTTATGCGAACACTCTTTCCCTACACGACGCTCT

CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTGACTGGAGTTCAGACGTGT

CAAGCAGAAGACGGCATACGAGATCTAGTACGGTGACTGGAGTTCAGACGTGT

CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTGACTGGAGTTCAGACGTGT

CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTGACTGGAGTTCAGACGTGT

CAAGCAGAAGACGGCATACGAGATAGGAGT CCGTGACTGGAGTTCAGACGTGT
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TABLE 3-continued
Oligonucleotids for SC3-geqg library construction

Oligonucleotids

name sequence

N706 CAAGCAGAAGACGGCATACGAGATCATGCCTAGTGACTGGAGTTCAGACGTGT
N707 CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTGACTGGAGTTCAGACGTGT
N710 CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTGACTGGAGTTCAGACGTGT
N711 CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTGACTGGAGTTCAGACGTGT
N712 CAAGCAGAAGACGGCATACGAGATTCCTCTACGTGACTGGAGTTCAGACGTGT
N714 CAAGCAGAAGACGGCATACGAGATTCATGAGCGTGACTGGAGTTCAGACGTGT
N715 CAAGCAGAAGACGGCATACGAGATCCTGAGATGTGACTGGAGTTCAGACGTGT
N716 CAAGCAGAAGACGGCATACGAGATTAGCGAGTGTGACTGGAGTTCAGACGTGT
N718 CAAGCAGAAGACGGCATACGAGATGTAGCTCCGTGACTGGAGTTCAGACGTGT
N719 CAAGCAGAAGACGGCATACGAGATTACTACGCGTGACTGGAGTTCAGACGTGT
N720 CAAGCAGAAGACGGCATACGAGATAGGCTCCGGTGACTGGAGTTCAGACGTGT
N721 CAAGCAGAAGACGGCATACGAGATGCAGCGTAGTGACTGGAGTTCAGACGTGT
N722 CAAGCAGAAGACGGCATACGAGATCTGCGCATGTGACTGGAGTTCAGACGTGT
N723 CAAGCAGAAGACGGCATACGAGATGAGCGCTAGTGACTGGAGTTCAGACGTGT
N724 CAAGCAGAAGACGGCATACGAGATCGCTCAGTGTGACTGGAGTTCAGACGTGT
N726 CAAGCAGAAGACGGCATACGAGATGTCTTAGGGTGACTGGAGTTCAGACGTGT
N727 CAAGCAGAAGACGGCATACGAGATACTGATCGGTGACTGGAGTTCAGACGTGT
N728 CAAGCAGAAGACGGCATACGAGATTAGCTGCAGTGACTGGAGTTCAGACGTGT
N729 CAAGCAGAAGACGGCATACGAGATGACGTCGAGTGACTGGAGTTCAGACGTGT

Mapping to the Reference Genome

The adaptor or the poly-A sequences were trimmed by
cutadapt-1.3, and all the reads were surveyed. The trimmed
reads with less than 30 bp were discarded. The adaptor and
the poly-A sequences were observed in about 1-20% and 5%
of the total reads, respectively. Untrimmed and trimmed
reads of 30 bp or longer were mapped onto the mouse
genome mml0 and the ERCC spike-inRNA with tophat-
1.4.1/bowtiel.0.1 with the ‘-no-coverage-search’ option.
Mapped reads on the genome and the ERCC were separated,
and the reads on the genome were converted into the
expression levels by cufflinks-2.2.0 using the ‘-compatible-
hits-norm’, ‘-no-length-correction” and ‘-library-type frsec-
ondstrand’ options and mm10 reference gene annotations
with extended TTSs. The cufflinks option ‘-max-mle-itera-
tions’ were set to 50,000, because default iterations (5,000)
resulted in ‘FAILED’ when the expression levels of some
genes were estimated. For the reference gene annotations
using cufflinks, the TTSs of the reference genes were
extended to not less than 10 kb downstream to correctly
estimate the expression levels of genes whose transcripts are
longer than the reference toward the 3' direction. To estimate
the transcript copy number per cell, the ERCC spike-in RNA
reads were normalized to reads per million-mapped reads
(RPM) by total reads mapped on the genome used for gene
expression analysis. The mapped reads were visualized
using igv-2.3.34. The conversion of the mapped reads into
the expression levels by HTSeq-0.6.0 was consistent with
the results by cufflinks-2.2.0 using the options described
above.
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Analysis of Data Obtained by SC3-Seq and Conventional
Method

Analysis was performed using R software version 3.0.2
and Excel (Microsoft). The expression data by the SC3-seq
were analyzed using log, (RPM+1) as the expression value,
except in FIG. 4, FIGS. 10A and 10B. In FIG. 4, the
RPM/FPKM values less than 0.01 were set as 0.01 for the
calculation of correlation coefficients. In FIGS. 10A and
10B, the RPM/FPKM values less than 0.1 were set as 0.1 for
the calculation of correlation coefficients.

The estimation of the optimum definition of the 3' ends of
the transcripts was performed by modifying the reference
gene annotation gff3 file. All gene expression values were
calculated when the definition of the 3' ends of the tran-
scripts was extended in 1 kb increments up to 10 kb, then in
10 kb increments up to 100 kb. Genes whose expression
levels were increased by 10, 20, 30, 40, 50, 80, 100, 200 and
300% were counted.

The estimation of the copy numbers per 10 pg total RNAs
was performed by drawing a single linear regression line for
all log, (RPM+1) values of the ERCC spike-in RNAs
(excluding the ERCC spike-in RNAs whose copy numbers
are lower than 100 copy per 10 pg RNAs and the two outliers
ERCC-00116 and ERCC-00004) in all the 32 amplified
samples as a function of their copy numbers. The log,
(RPM+1) values for 1000 copies, 100 copies, 10 copies and
one copy per 10 pg total RNA were 11.78, 8.10, 4.43 and
0.76, respectively.
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The coverage is defined by the number of genes detected
in samples amplified from 10 pg of total RNAs [log,
(RPM+1)=1] as a percentage of that in samples amplified
from 100 ng of total RNAs [log, (RPM+1)=1] for different
expression-level ranges. Accuracy is defined based on the
number of genes detected in samples amplified from 100 ng
of total RNAs [log, zpar1)21] as a percentage of that in
samples amplified from 10 pg of total RNAs [log, (RPM+
1)=1]. The expressed genes were defined as those that were
detected [log, (RPM+1)=z1] in samples prepared by SC3-seq
from 100 ng of RNAs. Multiple sample analyses (eight
samples) for the coverage and the accuracy were performed
by calculating the coverage and accuracy under definitions
of detection where 1 to 8 of the eight amplified samples
exhibited reads.

For analysis of the saturation of the detection of gene
expression, conversion of the mapped reads to gene expres-
sion levels by cufflinks was repeated with the number of
mapped reads reduced to as low as 10,000. The numbers of
genes detected at significant expression levels [log, (RPM+
1)>4] were counted under different numbers of total mapped
reads. When comparing the data by the SC3-seq with the
published data by other methodologies, log, RPM was used
as an expression value for the SC3-seq and the top 6555th
and 6217th genes were included for mice and humans,
respectively, for the analysis.

Data Analysis of the SC3-Seq Results for the Single Cells in
the E4.5 Blastocysts, Human iPS Cells and Macaca Fas-
cicularisearis Embryo

Analysis was performed using R software version 3.1.1
with the Gplots and the qvalue packages, and EXCEL. All
the analyses of expression data were performed using log,
(RPM+1) values. Genes whose log, (RPM+1) value was less
than 4 (less than about 20 copies/cell) in samples were
excluded from the analysis. Unsupervised hierarchical clus-
tering (UHC) was performed using the hclust function with
Euclidean distances and Ward distance functions (ward.D2).
The principal component analysis (PCA) was performed
using the prcomp function without scaling.

To identify differentially expressed genes (DEGs) among
multi-groups, the oneway analysis of variance (ANOVA)
and the qvalue function were used for the calculation of the
P value and false discovery ratio (FDR), respectively. The
DEGs were defined as those exhibited a more than 4-fold
change between the samples (FDR<0.01), and the mean of
the expression level of the group was =zlog, (RPM+1)=4.
The gene ontology (GO) analysis was performed using the
DAVID web tool.

Immunofluorescence Analysis of Mouse E4.5 Embryos

For whole-mount immunofluorescence (IF) analysis, iso-
lated embryos were fixed in 4% paraformaldehyde in PBS
for 20 min at room temperature, washed in 2% BSA/PBS
and incubated in the permeabilization solution (0.5% Triton
X/1.0% BSA/PBS) for 20 min at room temperature. After
washing twice in 2% BSA/PBS, embryos were incubated
with primary antibodies in 2% BSA/PBS overnight at 4%,
washed three times with 2% BSA/PBS, incubated with
secondary antibodies and 4,6-diamidino-2-phenylindole
(DAPI) in 2% BSA/PBS for 1 hr at room temperature,
washed three times with 2% BSA/PBS and mounted in
VECTASHIELD Mounting Medium [Vector Laboratories,
(H-1000)]. The primary antibodies used were as follows:
anti-mouse NANOG [rat monoclonal; eBioscience,
(eBio14-5761)], anti-mouse POUSF1 [mouse monoclonal;
Santa Cruz, (sc-5279)], anti-mouse GATA4 [goat poly-
clonal; Santa Cruz, (sc-1237)], anti-mouse CDX2 [rabbit
monoclonal, clone EPR2764Y; Abcam, (ab76541)]. The
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secondary antibodies used were as follows: Alexa Fluor 488
anti-rat IgG [Life Technologies (A21208)], Alexa Fluor 555
anti-rabbit [Life Technologies (A31572)], Alexa Fluor 568
anti-mouse IgG [Life Technologies (A10037)] and Alexa
Fluor 647 anti-goat 1gG [Life Technologies (A21447)] (all
donkey polyclonal). Image data were obtained and pro-
cessed by a confocal microscope [Olympus, (FV1000)].
Accession Numbers

As the accession numbers, the following data generally
used in the pertinent field were used; SC3-seq data
(GSE63266, GSE74767), RNA-seq data for mESCs and
mouse embryonic fibroblasts (MEFs) (GSE45916) (Ohta, S.,
et al., Cell reports, 5, 357-366, 2013), SMART-seq2 data for
MEF (GSE49321) (Picelli, S., et al., Nat Methods, 10,
1096-1098, 2013) and single-cell RNA-seq data for hESCs.
(GSE36552) (Yan, L., et al, Nat Struct Mol Biol, 20,
1131-1139, 2013).

EXAMPLE 2

Design and Construction of SC3-Seq

For the amplification of single cell cDNA, a method
including condensing high density oligonucleotide microar-
ray-like 3'-end side was used (Kurimoto, K., et al., Nucleic
Acids Res, 34, e42, 2006 and Kurimoto, K., et al., Nature
protocols, 2, 739-752, 2007). This method is useful for the
developmental analysis of cells with diversity, for example,
analysis of non-uniform cell type such as mouse blastocyst
and the like, elucidation of transcriptome in the development
of primordial germ cell (PGC), elucidation of nerve cell
species in the development of cerebral cortex and the like.
This method has been shown to be useful not only for the
transcriptome analysis in a single cell but also when the
target includes many cells. The method has been modified so
that longer cDNAs including full-length cDNAs are synthe-
sized and analyzed by RNA-seq. However, considering the
inefficiency of full-length cDNA synthesis and susceptibility
to amplification bias of longer cDNAs, amplification and
sequencing of the 3' ends of cDNAs are considered to
provide more precise assessment of gene-expression levels
(FIG. 1A). Furthermore, sequencing of only the 3' ends
theoretically requires a much smaller sequence depth for
saturation (FIG. 1B), making the analysis more cost-effec-
tive.

A method of amplifying and sequencing the 3'-terminal of
c¢DNA synthesized from a single cell is called SC3-seq and
the method is shown in FIG. 1C. For ¢cDNA amplification,
cDNA was amplified from a single cell level RNA by a
conventional method (FIG. 1C). The first-strand cDNAs
were synthesized by the V1 (dT)24 primer, the excess V1
(dT)24 primer and the annealed mRNAs were digested by
Exonuclease I and RNaseH, respectively, the poly (dA) tail
was added at the 3' ends of the first-strand ¢cDNAs, the
second-strand cDNAs were synthesized by the V3 (dT)24
primer and the resultant cDNAs were amplified by the V1
(dT)24 and V3(dT)24 primer pair by a number of PCR
cycles depending on the amount of the starting materials (20
cycles for single cells or 10 pg of total RNA). For the
construction of the library for sequencing by the SOLiD
sequencer, a procedure that enriches the very 3' ends of the
c¢DNAs bearing the V1(dT)24 primer (FIG. 1C and FIG. 7A)
was designed. The amplified cDNAs were tagged by the
NH2-V3(dT)24 primer with a few PCR cycles, the primer
dimers were removed by three rounds of purification by
AMPureXP and the tagged cDNAs were fragmented by
sonication, endpolished and size-fractionated by sequential
purification by AMPure XP. The resultant cDNAs of 200-



US 11,028,426 B2

35

250 bp were denatured, annealed by the IntV1(dT)24 primer
for the capture of the 3' ends with the extension of the
internal adaptor extension sequence, ligated and sequence
extended with the P1 adaptor and processed for final ampli-
fication by the P1 primer and the BarTOXX-IntV1 primer
bearing 96 distinct barcodes. The final amplified products
were sequenced from the Pl-adaptor end, resulting in the
mapping of the 3' ends of the mRNAs on the genomic loci.
Since the SC3-seq provides sequence reads only at the 3'
ends of mRNAs, the absolute read counts become propor-
tional to the expression levels of mRNAs irrespective of
their entire length, allowing simple and more accurate
quantification of the gene-expression levels. Accurate quan-
tification was performed by normalization based on the
sequence reads per 1,000,000 mapped reads. To evaluate
SC3-seq, two replicates of total RNAs [100 ng (correspond-
ing to 10,000 cells), two replicates of 10 ng (corresponding
to 1,000 cells), four replicates of 1 ng (corresponding to 100
cells), eight replicates of 100 pg (corresponding to 10 cells)
and 16 replicates of 10 pg (corresponding to single cells)
were isolated from mESCs, RNA was collected together
with external spike-in RNA controls developed by External
RNA Controls Consortium (ERCC), amplified (7, 11, 14, 17
and 20 initial PCR cycles for 100 ng, 10 ng, 1 ng, 100 pg and
10 pg total RNAs, respectively) and sequenced by SC3-seq.
It was confirmed by quantitative PCR that the ERCC spike-
in RNAs were amplified to their spiked-in copy numbers
during the initial cDNA amplification (FIG. 7B). The num-
ber of genes expressed by mESC is consistent with the
amount of initially amplified cDNA. In addition, it was
shown that the content of gene is maintained during ampli-
fication of cDNA and SC3-seq library construction step.

FIG. 1D shows the averaged sequence read distribution of
one of the amplified products of the 100 ng RNAs by the
SC3-seq (~40-50% mapping efficiency). In agreement with
the design of SC3-seq, the mapped reads were highly
enriched at the 3' ends (150 bp upstream from the TTSs) of
all mapped RefSeq genes. Low enrichment of the mapped
reads was found on the anti-sense strands of exons, which
represents amplification products in which the V1 (dT)24
primer was mis-annealed to the 5' ends of cDNAs for
amplification (FIG. 1C). For example, the SC3-seq track
around the Pou5fl locus exhibited a single clear peak
corresponding to the 3' end of the sense strand of Pou5fl,
with several minor peaks on the anti-sense strand of the
exons (FIG. 1E). For a fraction of genes, the peaks of the
SC3-seq reads were observed downstream of the 3' ends of
annotated RefSeq transcripts, suggesting that these loci
correspond to the 3' ends of the upstream transcripts (FIGS.
1D and 1E). For example, for the Nanog locus, the SC3-seq
peaks were observed 1 kb downstream of the annotated 3'
end of Nanog (FIG. 1E). In fact, the published comprehen-
sive RNA-seq data of mESC identifies the same peak
contiguous to the peaks of the upstream exons of Nanog
(FIG. 1E) (Anders, S, et al., Bioinformatics, 31, 166-169,
2015), indicating that the 3' end peaks detected by the
SC3-seq are a part of Nanog transcripts. From the above, it
was suggested that the 3' ends of a fraction of the RefSeq
transcripts can be re-defined in SC3-seq. The correlation
between the in silico extension of the TTSs of the RefSeq
transcripts and the gene numbers that showed an increase in
the mapped reads by SC3-seq was examined.

As shown in FIG. 1F, the number of genes that exhibited
the increase of mapped reads increased by the extension of
the definition of the TTSs from the annotated TTSs, and 450
genes exhibited the increase of their mapped reads by the
extension of the definition of the TTSs by 10 kb. Since
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expansion by more than 10 Kb was found to cause erroneous
annotation, a peak detected within 10 Kb downstream from
the annotated TTS showing the expression of proximate
upstream gene was defined, and the data of SC3-seq was
analyzed. The stability of comprehensive RNA amount of
mESC based on this definition was confirmed by analyzing
the published RNA-seq data.

EXAMPLE 3

Evaluation of the Qantitativity of SC3-Seq

To evaluate quantitativity of SC3-seq, the correlation
between the threshold-cycle (Ct) values measured by
Q-PCR as the number of genes in cDNAs amplified from 1
ng (corresponding to 100 cells) and 10 pg (corresponding to
1 cell) of total RN As, and the SC3-seq reads [log, (RPM+1)]
of the same set of genes in the library prepared from the
same cDNAs was analyzed. As shown in FIG. 2A, the Ct
values and the SC3-seq reads exhibited correlations between
the both cDNAs (R*=0.9858 and 0.9428 for cDNAs from 1
ng and 10 pg RNAs, respectively). Furthermore, the SC3-
seq read [log, (RPM+1)] values of the ERCC spike-in RNAs
in all amplified libraries obtained by dilution correlated
proportionally to their original copy numbers (FIG. 2B)
(copy numbers of ERCC spike-in RNAs per 10 pg total
RNAs at each dilution are shown), although the spike RNAs
that provided not more than 30 copies in 10 pg RNAs
exhibited insufficient amplification. This makes it possible to
estimate the copy number per 10 pg RNAs of a gene from
its SC3-seq read number. The scatter-plot analyses indicated
that samples amplified from 100 ng (corresponding to
10,000 cells), 10 ng (corresponding to 1,000 cells) and 1 ng
(corresponding to 100 cells) RNAs exhibited excellent cor-
relations (R*=0.994, 0.992, 0.988, respectively), with all the
genes plotted within the 2-fold difference lines (FIGS. 2C
and 2G). The samples amplified from 100 pg (corresponding
to 10 cells) RNAs also showed very good correlations, with
89.6 and 97.8% of genes plotted within the 2- and 4-fold
difference lines, respectively (FIGS. 2C and 2G). The
samples amplified from 10 pg (corresponding to 1 cell)
RNAs exhibited good correlations, with 77.6 and 86.1% of
genes plotted within the 2- and 4-fold difference lines,
respectively (FIGS. 2C and 2G). Amplified samples showed
better correlations for genes that are expressed more than 20
copies per 10 pg of RNAs, and particularly for those
amplified from 10 pg of RNAs, with R>=0.764, with 85.4
and 99.6% of genes plotted within the 2- and 4-fold differ-
ence lines, respectively (FIGS. 2C and 2G).

When compared to the sequence profiles of samples
amplified from 100 ng (corresponding to 10,000 cells) of
RNAs, samples amplified from 10 ng (corresponding to
1,000 cells), 1 ng (corresponding to 100 cells) and 100 pg
(corresponding to 10 cells) of RNAs exhibited good corre-
lations (R®*=0.991, 0.989 and 0.963, respectively), and those
amplified from 10 pg (corresponding to 1 cell) RNAs
showed good correlations (R*=0.797), with 75 and 87% of
genes plotted within the 2- and 4-fold difference lines,
respectively (FIGS. 2D and 2G). For genes that are
expressed in more than 20 copies per 10 pg of RNAs,
samples amplified from 10 pg (corresponding to 1 cell)
RNAs showed good correlations (R*=0.813), with 90.8 and
99.9% of genes plotted within the 2- and 4-fold difference
lines, respectively (FIGS. 2D and 2G).

To evaluate the SC3-seq for single cell level RNAs, the
log-averaged expression levels in two samples amplified
from 100 ng of RNAs with those in eight samples amplified
from 10 pg of RNAs were compared. The scatter-plot
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analysis showed that the averaged samples exhibited a good
correlation (R*=0.939), with 79.8 and 97% of genes (all
expression ranges) plotted within the 2- and 4-fold differ-
ence lines (FIG. 2E to 2G). For genes that are expressed in
more than 20 copies per 10 pg of RNAs, they showed a good
correlation (R*=0.930), with 98.6 and not less than 99.9% of
genes plotted within the 2- and 4-fold difference lines,
respectively (FIG. 2E to 2G). Collectively, these findings
demonstrate the very highly quantitativity of the SC3-seq for
RNAs ranging from 100 ng (corresponding to 10,000 cells)
to 10 pg (corresponding to 1 cell). Based on these results, the
number of mRNA molecules present in 10 pg (correspond-
ing to 1 cell) of mESC total RNAs was estimated to be about
300,000, a value in good agreement with previous findings
(FIG. 2H).

To examine the SC3-seq, the coverage [number of genes
detected in 10 pg RNAs (log, (RPM+1)=1/number of genes
detected in 100 ng RNAs (log, (RPM+1)=1] and accuracy
[number of genes detected in 10 pg RNAs (log, (RPM+1)
=1) that are detected in 100 ng RNAs (log, (RPM+1)=1)] of
SC3-seq from 10 pg RNAs by using the data from 8
replicates were further evaluated.

The expressed genes were defined as those that were
detected [log, (RPM+1)=z1] in samples prepared by SC3-seq
from 100 ng of RNAs. Coverage of the single amplified
samples as a function of the expression level was plotted
(black lines in FIG. 3A). As expected from the previous
reports and the data shown above (FIG. 2), coverage was
dependent on the expression level, but a vast majority of the
expressed genes (cumulative percentage, 94.1%) that are
expressed more than 10 copies per 10 pg RNAs were
successfully detected (FIG. 3A). The accuracy of the single
amplified samples was plotted similarly, and it was con-
firmed that 99.7% (cumulative percentage) of the genes
detected were expressed in the expression level range of
more than 10 copies per 10 pg RNAs (FIG. 3B). When
multiple sample analyses (8 samples) were performed, cov-
erage was improved under the definitions of detection where
1 to 5 of the 8 amplified samples exhibited reads (not less
than 10 copies per 10 pg RNAs), whereas accuracy was
nearly 100% under all detection definitions (FIGS. 3A and
3B). These findings indicate that a single sample prepared by
SC3-seq from single-cell level RNAs has excellent coverage
and accuracy, and multiple sample analyses also showed
improved coverage and improved accuracy.

An advantage of SC3-seq is that it allows for high
quantification of gene expression with a relatively small
number of sequence reads. Successively, the number of
reads capable of determining gene-expression levels of 100
ng (corresponding to 10,000 cells) to 10 pg (corresponding
to 1 cell) of RNAs was examined. The number of genes was
plotted under the condition of log, (RPM+1)=4 (not less
than 5 copies per 10 pg RNAs) and the read numbers were
detected. As shown in FIG. 3C, the number of genes
detected under the condition of [log, (RPM+1)=4] with 100
ng (corresponding to 10,000 cells) to 10 pg (corresponding
to 1 cell) of RNAs prepared by SC3-seq was around 0.2
mega mapped reads as the upper limit wherein the detected
gene number was almost constant (up to 7000) in RNAs of
from 100 ng (corresponding to 10,000 cells) to 100 pg
(corresponding to 10 cells), and similar (up to 6000) in 10
pg RNAs (corresponding to 1 cell). Then, the percentage of
genes detected by SC3-seq from 10 pg of RNAs, among the
genes detected from 100 ng of RNAs against the sequence
reads, was plotted for each range of the expression level
(FIG. 3D). It was confirmed from the analyses that nearly
100% of genes under the condition of log, (RPM+1)=6 (not
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less than 20 copies per 10 pg RNAs) and around 60% of
genes under the condition of log, (RPM+1)=4 (not less than
5 copies per 10 pg RNAs) were detected as the upper limit
of about 0.2 mega mapped reads (FIG. 3D). It was found
that, to identify genes expressed at a substantial level [log,
(RPM+1)=4 not less than 5 copies per 10 pg RNAs] by
SC3-seq, it is sufficient to perform 0.2 mega mapped reads
per sample, and that a small number capable of parallel
sequencing of numerous samples is sufficient.

EXAMPLE 4

Comparison of Function of SC3-Seq with that of Other
Methods

To compare quantitative function of SC3-seq, it was
compared with other methods for single cell RNA-seq. First,
the relationship between the expression level and the tran-
script length in samples prepared by the SC3-seq and other
methods, as a control, was examined. Furthermore, it was
also compared with the published RNA-seq prepared from
an exhaustive quantity of RNAs of mESCs and MEFs. As
shown in FIG. 4A, the control samples exhibited a highly
diverse distribution of expression-level ranges irrespective
of the transcript lengths and cell types (Ohta_mESCs and
Ohta_MEFs), and the average expression levels were similar
among all transcript lengths [the modes of expression levels
are log, FPKM (fragment per kilobase per million mapped
reads)=2]. Remarkably, the distribution of the expression-
level ranges as a function of the transcript length detected in
mESCs by the SC3-seq for 100 ng and 10 pg of RNAs was
similar to that by the control RNA-seq (FIG. 4A). For
example, the modes of the expression levels are similar
(around log, RPM=4) with any length of the transcript, and
so is the expression level of genes with any length of the
transcript. The results indicate that SC3-seq shows gene
expression of a transcription product of any length, even
when a single cell level is used as the initial material.

On the other hand, the results of Yan et al. for single
human ESC (full-length RNA-seq amplification method,
Tang, F., et al, Nat Methods, 6, 377-382, 2009, Tang, F., et
al, Nature protocols, 5, 516-535, 2010 and Ohta, S. et al.,
Cell reports, 5, 357-366, 2013) and report of Picelli et al. on
single MEF (SMART-seq 2, Picelli, S., et al, Nat Methods,
10, 1096-1098, 2013) show the same tendency. Since the
mode of expression level depends on the length of the
transcription product, due to the low efficiency of the
synthesis and amplification of long transcription products
(e.g., the mode of expression level of a longer gene is low
and that of a shorter gene is high), the results are different
from those of SC3-seq and control RNA-seq (FIG. 4A).

A difference in the read position in the transcripts by
SC3-seq and other single-cell RNA-seq methods was exam-
ined. As shown in FIGS. 4B and 4C, the SC3-seq exhibited
a clear sharp peak exclusively at the 3' ends of the transcripts
across all the transcript length ranges, as described in FIG.
1. On the other hand, in other methods, non-uniformity was
revealed depending on the length of the transcription prod-
uct, and particularly, a distorted read was found in the
3'-terminal of a long transcription product (FIG. 4C).

From these results, SC3-seq requires 0.2 mega mapped
reads for short transcription products (<500 bp) (gene with
gene expression level of not less than the 6,555th from the
top (¥4 of annotated transcription product in mouse), log,
RPM=3.69+0.05), and other methods require not less than 1
mega mapped reads for short transcription products (<500
bp) (less than 500 bp, gene with gene expression level of not
less than the 6,555th and not less than 6,217th from the top
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(each Y4 of annotated transcription products in mouse and
human), log, FPKM=2.21+0.05 (Yan et al.) or 2.92+0.27
(Picelli et al.)) (FIG. 4D). From the above, it was suggested
that SC3-seq is a more quantitative and effective method in
single cell transcriptome analysis, as compared to conven-
tional methods.

EXAMPLE 5

Gene Analysis of Difference of Cell Type in Pre-Implanta-
tion Mouse Embryo

The pre-implantation mouse blastocysts at embryonic day
(E) 4.5 consist of at least three distinct cell types: the
epiblasts, the primitive endoderm (PE) and the trophecto-
derm (TE). The former two cell types make up the ICM.
Based on the anatomical location, the TE can be classified
into two types: the pTE (polar TE), which directly contacts
the ICM and subsequently forms extra-embryonic ectoderm
(ExE), and the mTE (mural TE), which is located at the
abembryonic tissue part of the blastocysts and later forms
primary trophoblast giant cells. There has been no report
exploring whether gene-expression differences exist
between pTE and mTE at E4.5. Thus, whether the SC3-seq
successfully discriminates cell-type differences in the blas-
tocysts was determined.

Pre-implantation blastocysts at E4.5 were isolated (FIG.
11A), bisected into embryonic and ab-embryonic patts,
dissociated into single cells, and single cells considered to
compose mTE or pTE/ICM were picked up and cDNAs
thereof were amplified. The amplification efficiency of
c¢DNAs was examined by analyzing the expression level of
Gapdh and the ERCC spike-in RNAs (FIGS. 11B and 11C),
the cDNAs were roughly classified by analyzing the expres-
sion of the key markers Nanog (epiblast), Gatad (PE), Cdx2
(TE) and Gata2 (TE) (FIG. 11B), and among 67 single-cell
cDNAs, 37 representative cDNAs [12 for mTE, 8 for
m/pTE, 9 for epiblasts, 9 for PE by their anatomical location
and marker expression; it was noted that the Gata2-positive
TE lacked Cdx2 mRNA expression at this stage, although all
the TE showed CDX2 by immunofluorescent staining
(FIGS. 11A and 11B)] by the SC3-seq analysis. Unsuper-
vised hierarchical clustering (UHC) revealed that these cells
are classified largely into two clusters, both of which are
further divided into two sub-clusters (FIG. 5A). The one
cluster consists of two sub-clusters representing, based on
the expression of key marker genes, the epiblasts and the PE
(Fgf4, Nanog, Sox2 and KIf2 for the epiblasts and Gata4,
Pdgfra, Sox17, Sox7 and Gata6 for the PE) (FIG. 5A).
Among the cells in the other cluster, 9 out of 12 mTE (cells
isolated from the ab-embryonic tissue) were classified into
one sub-cluster and the remaining three were classified into
the neighboring sub-cluster having pTE confirmed by a
marker and an anatomical location. In the principle compo-
nent analysis (PCA) by UHC analysis, they were classified
into four groups (FIG. 5C). These findings successfully
demonstrate that the SC3-seq successfully identifies the
distinct cell types in developing embryos and that mTE and
pTE exhibit differential gene expression as a whole at E4.5.

To further evaluate the SC3-seq, genes that are differen-
tially expressed between the epiblasts and the PE were found
[defined as different genes in their average expression levels
of 4-fold, log, values (RPM+1) of =4 and FDR of <0.01
based on oneway analysis of variance (ANOVA)]. Consis-
tent with previous findings, genes up-regulated in the
epiblasts (313 genes) included Tdgf1, Utf1, Sox2 and Nanog
and were enriched with ontology (GO) term such as ‘regu-
lation of transcription’, ‘negative regulation of gene expres-
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sion’ and ‘negative regulation of macromolecule metabolic
process’, whereas genes up-regulated in the PE (502 genes)
included Sparc, Lamal, Lambl, Coldal, Gata4, Gata6,
Pdgfra and Sox17, and were enriched with GO terms such
as ‘lipid biosynthetic process’, ‘glycerolipid metabolic pro-
cess’ and ‘embryonic development in birth or egg hatching’
(FIG. 5D and FIG. 11).

The genes that are differentially expressed between pTE
and mTE were examined. 218 Genes that are up-regulated in
pTE, which include Hspdl, Ddahl, Gstol and Dnmt3b, and
are enriched with cell cycle-related GO terms such as ‘cell
cycle’, ‘M phase’ and ‘mitotic telophase’ (FIGS. 5D and 5F)
were identified. It was confirmed that the genes up-regulated
in pTE in comparison to mTE were expressed in the
epiblasts and the PE at similar levels to that in pTE (FIG.
5E), indicating that these genes are specifically down-
regulated in mTE in the blastocysts. On the other hand, 392
genes were found that are up-regulated in mTE, which
include Slc2a3, Baspl, KIf5, Gata2 and Dppal, and are
enriched with GO terms such as ‘vitamin transport’,
‘PDGFR signaling pathway’, ‘lipid storage’, ‘embryonic
placenta development” and ‘membrane organization’ (FIGS.
5D and 5F). These data shows good agreement with the idea
that mTE stops or slows down the mitotic cell cycle at E4.5
and takes on an end-replication pathway for differentiation
into primary trophoblast giant cells.

The average copy number of a gene that expresses not less
than 100 copies per each cell type was calculated, and it was
found that single mTE cells bear more abundant transcripts
(around 2-fold) than single epiblast cells, PE cells and pTE
cells (FIG. 5G). This further supports the idea that mTE is
an end-replicate bearing a larger amount of transcripts
compared to typical single cells at this embryonic stage.
Thus, when used together with the ERCC spike-in RNAs,
the SC3-seq allows a quantification of transcript in single
cells.

EXAMPLE 6

Detection of heterogeneity of human iPS cells

It was next examined whether the SC3-seq successfully
detects the heterogeneity of gene expression in homoge-
neous cell populations. The gene expression of hiPSCs
cultured on feeder cells (on-feeder hiPSCs) and in hiPSCs
cultured under a feeder-free condition (feeder-free hiPSCs)
was measured. For this purpose, two lines of hiPSCs (585A1
and 585B1) were cultured on the SNL feeder cells and
cultured under a feeder-free condition (in total we generated
112 single-cell cDNAs) (FIG. 6A and FIGS. 12A and 12B)
and an SC3-seq analysis of the cells was performed (7, 7, 8
and 7 single cells for on-feeder 585A1, on-feeder 585B1,
feeder-free 585A1 and feeder-free 585B1, respectively)
(FIG. 12C). The UHC analysis revealed that the on-feeder
hiPSCs and the feeder-free hiPSCs could be classified into
two distinct clusters irrespective of the line difference, with
the exception that one on-feeder hiPSC was classified into
the feeder-free cluster and one feeder-free hiPSC was clas-
sified into the on-feeder cluster (FIG. 6B). This indicated the
distinct, although still very similar, the on-feeder and feeder-
free hiPSCs. Then, the PCA analysis result showed that the
feeder-free hiPSCs, except the two outliers, were clustered
tightly together, whereas the on-feeder hiPSCs were more
scattered, along the PC2 axis (FIG. 6C), indicating that the
gene expression of the on-feeder hiPSCs was more hetero-
geneous than that of the feeder-free hiPSCs. Further, the
standard deviation (SD) of the gene-expression levels was
plotted against the gene-expression levels in the on-feeder
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and feeder-free hiPSCs (FIG. 6D). In on-feeder hiPSC, 630
genes with the maximum expression level log, (RPM+1)=6,
SD=z2 were found, and 109 were found by feeder-free
hiPSC. That is, in agreement with the results of PCA
analysis, in all gene expression regions, it was shown that
the SD value of on-feeder hiPSC is higher than the SD value
of feeder-free iPSC. The SDs of the gene-expression levels
of the feeder-free iPSCs were then plotted against those of
the on-feeder hiPSCs and 75 genes with higher SDs were
identified in the feeder-free hiPSCs, including PKI1B,
UNCSD, SCGB3A2, HERC1, RPS4Y1 and RBM14/RBM4,
genes with high SDs (SDs=z2) were identified both in the
feeder-free and on-feeder hiPSCs, including ZFP42,
ANXA3, LEFTY1, PTCD1 and LDOCI, and 596 genes
with higher SDs were identified in the on-feeder hiPSCs,
including FGF19, CAV1, NODAL, SGKI1, CTGF and
SFRP1 (FIGS. 6B, 6E and 6F). These findings demonstrate
that the feeder-free hiPSCs are more homogeneous in gene
expression than the on-feeder hiPSCs. It is suggested that
SC3-seq is a powerful method for identifying heterogeneic
gene expression in homogeneous cell populations.

EXAMPLE 7

Gene Analysis in Macaca Fascicularis Embryo Pre- and
Post-Implantation

The transcriptome of 390 representative cells from pre-
and post-implantation embryos (pre: 193 cells; post: 197
cells), encompassing all the relevant lineages and their
precursors, was examined by the SC3-seq method. UHC
classifies all cells into two large clusters; one consisting
mainly of pre-implantation cells with at least 6 distinct
clusters and the other consisting of post-implantation cells
with at least 7 distinct clusters (FIG. 13a). Each cell was
defined and classified according to the clusters by UHC,
pluripotent cell marker, primitive endoderm marker, and
expression pattern of differentiation marker gene associated
with gastrulation (post paTE: parietal trophectoderm derived
from post-implantation embryo; prel._TE: late trophecto-
derm derived from pre-implantation embryo; HYP: hypo-
blast derived from pre-implantation embryo; preE_TE: early
trophectoderm cells derived from pre-implantation embryo;
ICM: inner cell mass derived from pre-implantation embryo;
pre_EPI: epiblast derived from pre-implantation embryo;
postE_EPI: early epiblast derived from post-implantation
embryo; postl_EPI: late epiblast derived from post-implan-
tation embryo; Gastl, 2a, 2b: gastrulating cells derived from
post-implantation embryo; YE: yolk sacendoderm derived
from post-implantation embryo; ExMchy: extra-embryonic
mesenchyme derived from post-implantation embryo. FIG.
13B, C show the results of PCA of all cells by all expressed
genes. FIG. 13D shows a heat-map of the expression level
of gene showing radical variation in the expression in the
development of intraembryonic cells in the body. From the
above, it was found that the cells in the same group show a
similar gene expression pattern, which reflects high quanti-
tativity and high reproducibility of SC3-seq. Also, these
findings show that SC3-seq successfully distinguish various
cell populations and expression patterns thereof in the
development of epiblast in Macaca fascicularis.

EXAMPLE 8

Consideration of Aplicability of SC3-Seq Method to Other
Next-Generation Sequencer

FIG. 14A shows an outline of the construction of a library
corresponding to the next-generation sequencer (Miseq,
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Nextseq500, Hiseq2000/2500/3000/4000) of Illumina, by
changing IntV1(dT),, sequence (SEQ ID NO:

4:ctgctgtacggecaaggegtatatggatcecggegegecgtegacttttttttt-
teeeeeet teteeet) in FIG. 1C to RA2SPV1(dT),, sequence (SEQ
1D NO: 14:gtgactggagttcagacgtgtgctctticcgatcatatg-
gatccggegegeegtegacttt tttttttttttttttet), and P1-T sequence in
FIG. 1C to RdAISP-T sequence. In 1 ng of RNA extracted
from mESC, average SC3-seq track (read density (RPM,
x1,000 reads) was plotted against the position of read from
the annotated TTS (transcription termination site) (FIG.
14B). Two independent replicates amplified from 1 ng and
10 pg of total RNA of mESC were analyzed using Miseq of
Mumina (FIG. 14C). The sample amplified from 1 ng of
total RNA showed very good correlation (R*=0.972). Illu-
mina announced that other next-generation sequencer (Next-
seq500, Hiseq2000/2500/3000/4000) can also analyze by
using Miseq. In fact, the present inventors also confirmed
that analysis is possible with Hiseq2500 (data not shown).

FIG. 15A shows an outline of SC3-seq in the analysis
using the above-mentioned Miseq of Illumina, in which V1
(dT),, sequence used for cDNA amplification was changed
to P2(dT),, sequence, V3 (dT),, sequence was changed to
P1(dT),, sequence, V1(dT),, sequence used for library con-
struction was changed to P2 sequence, N-V3 (dT),,
sequence (SEQ ID NO: 5: (NH,)-atatctcgagggegegeeg-
gatcctttttttttttttetetttttttt) was changed to N-P1 sequence (SEQ
ID NO: 9: (NH,)-ccactacgectcegetttectetetatg), and
Rd2SPV1(dT),, sequence was changed to Rd2SP-P2
sequence (SEQ ID NO: 15: gtgactggagttcagacgtgtgctcttce-
gatcctgeceegggttecteattet).  Two  independent  replicates
amplified from 1 ng and 10 pg of total RNA of mESC by
utilizing P1(dT),, sequence and P2(dT),, sequence (P1P2
tag) were analyzed using Miseq of [llumina (FIG. 15B). The
sample amplified from 1 ng of total RNA showed very good
correlation (R*>=0.974). cDNAs amplified from 1 ng and 10
pg RNA of total RNA by using V1 (dT),, sequence and V3
(dT),, sequence (V1V3 tag), respectively, and cDNA ampli-
fied using P1P2 tag were analyzed using Miseq of [llumina,
and the distribution of the expression level of all genes was
shown in box plot (FIG. 15C) and of the number of detected
genes was shown in a bar graph (FIG. 15D). While the
sample amplified using V1V3 tag and P1P2 tag showed a
similar pattern, when PIP2 tag was used, somewhat better
results were obtained as compared to those using VIV3 tag.
From the above, it was shown that SC3-seq is also appli-
cable to analyses using Miseq of Illumina having higher
utility, besides SOLiD5500x1 of Life Technologies.

The invention claimed is:

1. A method of preparing a nucleic acid population
comprising an amplification product maintaining a relative
relationship of gene expression level in a biological sample,
which method comprising

(a) a step of amplifying a double-stranded DNA compris-

ing a sense strand and an antisense strand, wherein the
double-stranded DNA is constituted of (1) any addi-
tional nucleic acid sequence X, (2) poly T sequence, (3)
c¢DNA sequence prepared using mRNA sequence iso-
lated from a biological sample as a template, (4) poly
A sequence and (5) any additional nucleic acid
sequence Yin this order in the orientation from 5' to 3'
of the sense strand by using the double-stranded DNA
as a template, a first primer comprising any additional
nucleic acid sequence X having amine added to the
S'-terminus, and optionally further comprising a poly T
sequence at the downstream thereof, and a second
primer comprising any additional nucleic acid
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sequence Y, and optionally further comprising a poly T
sequence at the downstream thereof, wherein the addi-
tional nucleic acid sequence X is different from the
additional nucleic acid sequence Y, such that the first
primer cannot hybridize to the 3'-terminus of the sense
strand of the double-stranded DNA,

(b) a step of fragmenting the double-stranded DNA
obtained in step (a),

(c) a step of phosphorylating the 5'-termini of the frag-
mented double-stranded DNA obtained in step (b),
(d) a step of preparing cDNA by using the double-
stranded DNA obtained in step (c¢) and having a phos-
phorylated 5'-termini as a template, and a third primer
comprising any additional nucleic acid sequence Z and
said additional nucleic acid sequence Y in this order,
and optionally further comprising a poly T sequence at
the downstream thereof, and adding adenine (A) to the

3'-termini of the cDNA,

(e) a step of linking a double-stranded DNA containing
any sequence V having 3'-overhang thymine (T) to the
double-stranded DNA obtained in step (d), and

(®) a step of amplifying the double-stranded DNA by
using the double-stranded DNA obtained in step (e) as
a template, a fourth primer comprising the sequence V,
and a fifth primer comprising the additional nucleic
acid sequence Z, and optionally further comprising the
additional nucleic acid sequence Y downstream
thereof,

thereby selectively amplifying a fragment of the double
stranded DNA comprising the 3'-terminus of the sense
strand of the cDNA generated in step (b).

2. The method according to claim 1, wherein the double-
stranded DNA used in step (a) is prepared by a method
containing the following steps:

(1) a step of preparing a primary stranded cDNA by
reverse transcription using an mRNA isolated from a
biological sample as a template, and a sixth primer
composed of the additional nucleic acid sequence Y
and the poly T sequence,

(ii) a step of preparing a double-stranded DNA, which is
a secondary strand, including subjecting the primary
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stranded cDNA obtained in step (i) to a poly A tailing
reaction, and using the primary stranded cDNA as a
template, and a seventh primer composed of the addi-
tional nucleic acid sequence X and the poly T sequence,
and

(ii1) a step of amplifying the double-stranded DNA

obtained in step (ii) by using an eighth primer com-
prising the additional nucleic acid sequence X, and
optionally further comprising a poly T sequence at the
downstream thereof, and a ninth primer comprising the
additional nucleic acid sequence Y, and optionally
further comprising a poly T sequence at the down-
stream thereof.

3. The method according to claim 1, wherein the frag-
menting in step (b) is performed by sonication.

4. The method according to claim 1, wherein smoothing
of the termini is performed simultaneously with phospho-
rylation of the 5'-termini in step (c).

5. The method according to claim 1, wherein step (c)
further comprises a step of selecting a fragmented double-
stranded DNA with a size of 200 bases to 250 bases.

6. The method according to claim 1, wherein the ampli-
fication in step (a) is performed by 2 to 8 cycles of PCR.

7. The method according to claim 1, wherein the ampli-
fication in step (f) is performed by 5 to 20 cycles of PCR.

8. The method according to claim 2, wherein the ampli-
fication in step (iii) is performed by 5 to 30 cycles of PCR.

9. The method according to claim 1, wherein the fifth
primer used in step (f) further comprises a barcode sequence.

10. The method according to claim 1, wherein the bio-
logical sample is one to several cells.

11. The method according to claim 10, wherein the
biological sample is one cell.

12. A method of measuring an amount of mRNA in cells
for preparing a nucleic acid population, comprising measur-
ing, by a next-generation sequencer, the amount of the
amplified double-stranded DNA in the nucleic acid popula-
tion prepared by the method according to claim 1.
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